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Introduction: the interstellar medium




1.1 Constituents of the ISM

1.1.1

Introduction

A galaxy is a collection of millions of stars, held together by a mutual gravitational
interaction. Although stars dominate a galaxy’s appearance at visual wavelengths, the
majority of mass in a galaxy is attributed to dark matter, a component that does not
interact with photons and therefore remains unseen in astronomical observations. Its
composition, distribution and nature remain largely unknown and can only be ana-
lyzed indirectly (for example through the study of a galaxy’s rotation curve).

In between the stars, the large volume in a galaxy is filled with the interstellar medium
(ISM), which is composed of gas, dust and cosmic rays. The ISM provides the reser-
voir of gas and dust from which new stars are born and at the same time is the stor-
age for leftovers from stars whose lives might have ended in violent supernova ex-
plosions. Depending on the temperature, density and state of ionization of matter,
different phases of the ISM can be distinguished as a consequence of the complex in-
terplay between the stars and the surrounding medium of gas and dust (see Tielens
2005, Kwok 2007 and Hollenbach & Tielens 1999 for more information on the physics
and chemistry of the ISM).

Originally, the ISM was considered to be composed of two phases. Based on calcula-
tions for the thermal stability of the ISM taking into consideration cosmic ray heating
and cooling through excitation of H, He and C*, Field, Goldsmith & Habing (1969)
could identify a cold (T < 100 K) and dense (n ~ 30 cm~3) ISM component and a warm
(T ~ 10* K) and diffuse (n ~ 0.3 cm~3) ISM phase. The latter component is composed
of the warm neutral medium (WNM) and warm ionized region (WIM), while the cold
phase only consists of the cold neutral medium (CNM). Through studies of the out-
come of supernova explosions on the ISM, McKee & Ostriker (1977) could soon iden-
tify a third phase: a low-density (~ 10725 cm™3), hot (T ~ 10° K) intercloud medium
(HIM). With this hot, diffuse ISM phase dominating the ISM in volume, McKee & Os-
triker (1977) furthermore showed that the shock waves from supernovae propagating
through the HIM also shape the overall morphology of the ISM and induce the turbu-
lent nature of the ISM. Within each of these phases a thermal pressure equilibrium is
established. But the ISM also consists of small cores, where the thermal pressure ex-
ceeds the average value in the ISM (e.g. HII regions, gravitationally bound molecular
clouds). The pressure in those cores typically rises to overcome gravity, which makes
the cores no longer in equilibrium and eventually collapse to form stars.

In order to gain insight into the different phases of the ISM, one needs to understand
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Figure 1.1: Schematic overview of the different ISM components and how each one of them
interacts with the stars in galaxies and the other ISM constituents (adopted from Cycle Of
Matter).

the properties of its components (gas, dust and cosmic rays) (see Sections 1.1.2, 1.1.3
and 1.1.4) and the influence of interactions between those different components on the
structure, chemistry and thermal balance of the ISM (see Section 1.2). Figure 1.1 gives
a schematic overview of those different ISM components and interactions.

1.1.2 The gas component

The most abundant element in the Universe is hydrogen with a mass contribution
of about 74%. Hydrogen can be found either in the atomic (HI), molecular (H;) or
ionized (HII) phase. Helium (He) is the second most abundant element, accounting
for roughly 24% of the total baryonic mass in the Universe. The remaining fraction
of the baryonic matter, some 2%, consists of heavier elements, of which oxygen and
carbon are the most important contributors (with abundances of only ~ 3 x 10~* and
~ 1.4 x 107* relative to hydrogen). Whereas hydrogen, helium, and small traces of
lithium, beryllium and boron formed in the earliest phases of the Universe, all heavier
elements are produced as a result of stellar nucleosynthesis. Due to this dependence on
stellar evolution, the abundance of elements roughly decreases with increasing atomic
number (see Table 1.1).



V4 Element = Mass fraction (per million particles) ‘

1 Hydrogen 739,000
2 Helium 240,000
8 Oxygen 10,400
6 Carbon 4,600
10 Neon 1,340
26 Iron 1,090
7 Nitrogen 960
14 Silicon 650
12 Magnesium 580
16 Sulfur 440

Table 1.1: Ten most abundant elements in the Milky Way Galaxy obtained from spectroscopic
measurements. For each element, the atomic number and mass fraction per million particles
are presented.

Atomic hydrogen is the dominant cold gas component in most late-type galaxies and
therefore often used to trace the overall gas content. In early-type galaxies, a significant
fraction of the gaseous component might be locked in hot X-ray emitting gas halos.
Due to a small difference in energy between hydrogen atoms with a parallel or anti-
parallel spin, the HI content in a galaxy can be easily quantified by looking at the
hydrogen 21 cm hyperfine transition. Although the decay half-life for this transition is
about 1.1 x 107 years, the vast amount of HI gas in galaxies makes this emission feature
observable at a quantified wavelength of 21 cm.

Molecular hydrogen (H,) is formed in the ISM on the surfaces of interstellar dust grains
(Hollenbach & Salpeter, 1971a; Hollenbach, Werner & Salpeter, 1971b). The molecu-
lar gas component is an important ISM constituent in galaxies since it provides the
building material for the formation of new stars. Since molecular hydrogen molecules
do not have a dipole moment, the emission from H; molecules can only be recorded
through transitions in their vibrational state in near- and mid-infrared wavebands or
from heavily obscured absorption features in the ultraviolet. The lack of rotational
transitions for Hy molecules hamper probing the cold molecular gas component in
galaxies. Alternatively, the cold molecular gas phase is often traced through CO emis-
sion, which is produced through collisional excitation by Hy molecules. Typically the
tirst rotational transition CO(1-0) is used, but also higher order rotational transitions
are helpful tracers. From CO observations, the molecular gas component is found to
be predominantly clumped together in clouds of varying size (diameter ~ 10-100 pc)
and masses (My, ~ 10-10° My).

The uncertainty in the CO-to-H; conversion (the so-called Xco factor) complicates the

4



determination of the molecular gas mass in a galaxy. Indeed, the value of the Xco fac-
tor has been shown to depend on the metallicity (e.g. Wilson 1995; Bolatto et al. 2008)
and the density (e.g. Shetty et al. 2011) of gas and might be affected by the optical thick-
ness of CO. Therefore, CO line measurements are often complemented or superseded
by observations of other molecular and ionic line transitions (emitted predominantly
in far-infrared, submillimeter and millimeter wavebands). Studying the molecular gas
component in a galaxy through line emission from such molecules and ions provides
valuable information on the physical properties of the ISM. With the youngest stars in
galaxies and most active galactic nuclei often enshrouded by compact clouds of gas and
dust, line diagnostics offer valuable insight into those heavily-obscured star formation
regions and AGNs. Modelling the multi-wavelength line emission spectrum enables
furthermore to gain information on the complex ISM chemistry, density and tempera-
ture of gas, dust temperature, cosmic-ray ionization as well as shape and strength of
the radiation field in a galaxy.

Besides neutral atomic and molecular hydrogen components, part of the hydrogen
atoms are ionized by the hard radiation of far-ultraviolet sources (hv > 13.6 eV). When
those free electrons recombine with protons, the absorbed energy is re-emitted in hy-
drogen recombination lines. Since only hot, luminous and short-lived O and B-type
stars provide photons strong enough for the ionization of hydrogen atoms, HiI regions

are interesting sites to study recent star formation in galaxies.

On the boundary of those HiI regions, we find neutral regions where the chemistry and
structure is dominated by ultraviolet radiation from young stars residing in the HII re-
gions. In those photo-dissociation regions (PDRs, often also called Photon Dominated
Regions, e.g. Crawford et al. 1985; Tielens & Hollenbach 1985; Wollfire, Tielens & Hol-
lenbach 1989; Hollenbach, Takahashi & Tielens 1991; Stacey et al. 1991; Bakes & Tielens
1998), the UV radiation from young stars (6-13.6 eV) is sufficient to photo-dissociate
Hj, but the ionization fraction too low to globally overcome the recombination rate
of hydrogen atoms. For increasing distance from the surface of those HiI regions, the
incident UV flux decreases due to multiple attenuation processes, implying that most
hydrogen atoms are bound in Hy. PDRs form the interface between the ionized HII
regions and the molecular clouds in galaxies. The part of the PDR closer to the HII
region is often referred to as the ionization front, with the dissociation front defining
the area adjacent to the molecular clouds. Figure 1.2 gives a schematic overview of
the PDR structure, and the different chemical species emerging in different areas of the
PDR depending on the intensity of the incident UV flux.

With UV radiation (6-13.6 eV) from young stars regulating the chemistry in PDRs, X-
ray dissociation regions (XDRs, e.g. Lepp & Dalgarno 1996; Maloney, Hollenbach &
Tielens 1996) can be thought of as the analogues of neutral PDRs, but dominated by

5
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Figure 1.2: Schematic overview of the PDR structure with the gas temperatures and chemical
species emerging at increasing distance from the HII regions (adopted from Draine 2011).

incident X-ray radiation. Most of the XDRs are found in the X-ray emitting regions
in the surroundings of gas accreting massive black holes. However, X-ray emission in
galaxies is also known to originate from supernova remnants, hot and massive stars,
X-ray active chromospheres, X-ray binaries, etc. The X-ray chemistry in XDRs after
the absorption of a X-ray photon involves different levels of energy flows and heating,
which are summarized in the schematic overview of Figure 1.3.

1.1.3

The dust component

Dust particles in a galaxy are thought to represent only 1% of the ISM mass. Although
those dust grains only make up a small part of the ISM, they play an important role
in several astrophysical processes in a galaxy. They regulate the heating of gas in the
ISM through photoelectric heating and inelastic interactions with gas particles. Dust
particles furthermore act as a catalyst in the formation of molecular hydrogen, the birth
material for the production of young stars. Due to the formation of molecular hydro-
gen on the surfaces of dust particles, dust is abundantly present in molecular clouds.
Those dust grains provide the shelter for the formation of a variety of molecules, which
would otherwise be dissociated through the strong emission from energetic photons.
The often irregular shape and large size of dust grains compared to hydrogen atoms of-
fer an extra shield for atoms to congregate and combine. Due to shielding of molecules
and ions from the hard radiation from young stars by dust, the gas is able to cool
through the emission of far-infrared fine-structure and molecular rotational lines. This
process of cooling allows the gas in a galaxy to eventually condense into stars. Dust
particles also distort our view on the stars populating a galaxy due to the extinction
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Figure 1.3: Schematic overview of the XDR structure with the different energy flows and hea-
ting mechanisms (adopted from Maloney, Hollenbach & Tielens 1996).

of stellar photons. A profound knowledge of the dust properties in a galaxy is thus
important to understand galaxy evolution processes such as star formation and deter-
mine the specific amount of stellar photons reprocessed by dust particles.

The formation of dust grains is thought to occur predominantly in the stellar atmos-
pheres of oxygen and carbon-rich AGB stars. Through the radiation pressure of those
stars, they are ejected into the ISM. Dust grains have been shown to also form in the
circumstellar envelopes of novae, supernovae and Wolf-Rayet stars. The solid grains
produced in those circumstellar environments are affected by interstellar UV radia-
tion, cosmic rays and shocks once they are injected into the ISM. The outcome of
those ISM interactions is still poorly known, with interstellar UV radiation, cosmic
rays and shocks considered capable of destroying a fraction of the newly formed dust

grains.

The dust component in galaxies is in general composed of amorphous/graphitic car-
bonaceous grains, amorphous silicates and polycyclic aromatic hydrocarbons (PAHs).
Silicates are thought to form predominantly in O-rich stars, whereas carbonaceous
matter grows in more C-rich environments. The formation of those dust grains oc-



curs in different steps. In a first step, a seed for condensation needs to be formed (e.g.
Aly,O3, TiO,). During a second step, the accretion of atoms and molecules (e.g. O, Mg,
Al, Si, Fe, OH, H;O, Oy, etc.) results in the formation of composite grain mantles such
as SiO,, AlLO3, etc. Those grain mantles form the basis for the further grain growth
and development of molecular species with diverse compositions and complexities.
Besides the three major components (carbonaceous grains, amorphous silicates and
PAHs), other forms of dust (e.g. SiC, Treffers & Cohen 1974) and ices (in particular wa-
ter ice) are suggested to be present in particular ISM environments (e.g. ices are found
typically in the cold cores deep inside molecular clouds).

Polycyclic aromatic hydrocarbons (PAHs) are considered to be the tiniest dust grains
and form some intermediate state between dust grains and large molecules. They
consist of planar benzene rings of linked sp?-hybridized C atoms, with H atoms or
other groups saturating the outer bonds of peripheral C atoms (see Figure 1.4). De-
pending on whether some C atoms belong to three rings or at most two rings, the
PAH molecules are subdivided in compact and non-compact PAH classes, respec-
tively. As a result of bending and stretching modes of these large aromatic molecules
(Bauschlicher, Peeters & Allamandola, 2009), strong PAH emission features characte-
rize mid-infrared wavebands. The PAH emission in those mid-infrared wavebands is
complex due to the particular shape, size and ionization-charge of the large molecu-
lar species and difficult to realistically incorporate into dust models. Therefore, either
PAH templates (e.g. Desert, Boulanger & Puget 1990) or the modelling of physical pro-
cesses in a similar way as done for small dust grains (e.g. Weingartner & Draine 2001;
Draine & Li 2007) are commonly used in dust models. Whereas large dust grains are
assumed to attain a certain common equilibrium temperature, small grains (2 < 100 A)
are stochastically heated, i.e. the heating of small dust grains is characterized by a
temperature distribution function rather than a simple equilibrium temperature. Due
to the smaller grain sizes, absorption processes indeed occur less frequently, which
allows significant cooling in between photon impacts.

1.14

Cosmic rays

Cosmic rays (CRs) are energetic charged particles, which are composed of subatomic
particles, such as protons (90%), helium nuclei (9%, also called alpha particles) and
electrons or other elements (1%). Most of the elements are present in cosmic rays, with
roughly the same mass abundance as in the solar neighborhood. Studying differences
in elemental abundances in cosmic rays as well as the occurrence of very rare elements
and isotopes provides insight into the origin of cosmic rays. Most of the cosmic rays
originate from supernova remnants, where they are accelerated in the blast waves of
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Figure 1.4: Schematic overview of different PAH molecules (adopted from Salama 1999).

expelled material after the explosion. With the remnants of violent supernovae lasting
several thousands of years, the expanding shell of material provides the excellent en-
vironment for the acceleration of cosmic rays in the associated magnetic fields. With
energies of ~ 10?0 eV, cosmic rays are often the onset for chemical reactions and the
formation of unstable isophotes in the ISM. Owing to their high energies, cosmic rays
also contribute to the heating of gas in galaxies (see Section 1.2.2). When cosmic rays
have gained enough energy to overcome the gravitational potential of the galaxy, the
particles can escape into the intergalactic medium. Since cosmic rays eventually escape
from supernova remnants in galaxies, the particles can only attain a certain maximum
energy level, depending on the strength and size of the magnetic field. Nevertheless,
cosmic rays have been observed with velocities higher than capable of generating in
supernova remnants. The origin of those high-energy cosmic rays is still unclear and
remains difficult to comprehend as a consequence of the magnetic fields in our own
Milky Way and other galaxies, bending the CR trajectory and, thus, erasing all infor-
mation on the direction of the incoming cosmic rays.



1.2 The interplay between stars, gas and dust in the ISM

Most physical processes in the ISM of galaxies are connected to interactions with far-
ultraviolet photons, originating mainly from young, massive stars in galaxies. In the
following paragraphs, we discuss the importance of those ISM interactions in repro-
cessing stellar light through radiative transfer processes and in regulating the thermal
balance through the heating and cooling of gas in galaxies (see also Hollenbach & Tie-
lens 1999).

1.2.1 Heating and cooling mechanisms of dust

Dust grains are primarily heated through the absorption of stellar photons. To re-
main in thermal equilibrium with the surrounding medium, dust grains re-emit the
absorbed energy at infrared and (sub)millimeter wavelengths.

The radiative transfer equation describes the interaction between stellar photons and
material in the interstellar medium. In the most simple form, the change of the stellar
intensity through interaction with atoms and/or molecules in the ISM can be calcu-
lated using the radiative transfer equation, of which the general form reads

i,

s = —KkA 0 Iy +ja (1.1)

In this equation j, is the emission coefficient, x, is the absorption coefficient, p is the
density of the ISM material and I is the specific intensity of the radiation field. Written
in this general form, the radiative transfer equation seems a simple first-order diffe-
rential equation that can be solved immediately. This form is somewhat misleading
though, as the source and sink terms can depend in a non-linear way on the inten-
sity.

When we consider specifically the transfer of radiation through a dusty ISM, the ra-
diative transfer equation becomes a complicated partial integro-differential equation
where all directions and wavelengths are coupled. The primary source term in the ISM
of a galaxy is the emission j, that arises from stellar radiation. Two physical processes
will act as sinks in dust radiative transfer, in such a way that cosmic dust prevents
the photons from continuing their journey through the interstellar medium along the
same path. As a first obstacle, photons can be absorbed by a dust grain, which converts
the absorbed energy into internal energy that finally heats the dust grain. The stellar
radiation that is absorbed by dust grains will be re-emitted at infrared wavelengths.
Rather than absorbing the incoming radiation, photons can be scattered by dust grains
as well, i.e. the direction of propagation of a photon is changed through the interaction
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with a dust particle. Scattering of light by dust grains is nothing more than the redi-
rection of a propagating photon from one direction into another. Although scattering
of stellar photons by dust grains will take away stellar light on its path to the observer
along the line-of-sight, a fraction of photons will be redirected in the direction towards
the observer.

Taking into account all these different source and sink terms, the radiative transfer
equation becomes

W, m) = ja ) — (% + K5 (@) Ly ()

—I-Kicap(w)/ I\(@,n) @y (n,n) Q' + 3> p(@) BA(T(=)) (1.2)

4

In this equation, Kjbs and x5 represent the absorption and scattering coefficients, res-

pectively. The phase function ®)(n,n’) describes the probability that a photon inci-
dent from a direction n’ will be scattered into a unit solid angle about the direction n

and is normalized such that

®(n,n')dQ) =1 (1.3)
4n

In radiative transfer calculations, the Henyey-Greenstein phase function is often used
to describe the directivity of the scattered photons

1-¢3 1
4m (1+ g3 — grcosa)3/2

P, (cosw) = (1.4)
where « is the scattering angle between the incoming and outgoing propagation direc-
tions and g is the anisotropy parameter of the phase function,

o) = 4% An ®, (cosa) cosa dQ) (1.5)

To have a complete description of scattering, one requires a value for g, at all wave-
lengths, depending on the chemical composition, size and shape of the dust grains.
Interestingly, the phase function does not have a theoretical physical background, but
was derived empirically from a study of the scattering of light in reflection nebulae in
the Galaxy.

The last term in expression (1.2) represents the thermal re-emission of dust grains, with
B, (T) describing the Planck function at a temperature T. When a photon is absorbed
by a dust grain, the photon energy is used to enhance the internal energy of the dust
particle and increase its dust temperature. For large grains, the assumption of local
thermal equilibrium is typically valid, i.e. dust grains will tend to emit the absorbed
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energy to remain in balance with the heating provided by the ambient radiation field.
Dust particles will attain an equilibrium temperature T which is determined from the
assumption that the dust grain absorbs and re-emits an equal amount of photon ener-
gy. Since the equilibrium temperature differs for a grain type with a particular com-
position, size and shape and depends on the absorbed energy from all directions and
at all wavelengths, the equilibrium temperature is determined by solving the balance
equation

/0 YA [ %0() L(@,m) d = /0 YA [ 0(@) BA(T()d (16

or

| @ dd = [T B (T(a) dr (17)

with J, the mean radiation field. For typical values of the optical properties of dust
grains and the strength of the radiation field in the ISM of galaxies, solving this equa-
tion yield dust equilibrium temperatures of the order of 15 to 30 K. Dust hence clearly
transforms UV /optical radiation to FIR/submm radiation.

The approximation of local thermal equilibrium is typically only valid for large dust
grains, whereas smaller dust particles and PAHs are transiently heated to temperatures
deviating from this equilibrium temperature (see Section 1.1.3). Indeed, the balance be-
tween heating and self-cooling requires that the absorbed photon energy is distributed
efficiently throughout the dust grain. This assumption is not valid for small dust grains
for which the energy of absorbed photons exceed the internal heat energy due to lattice
vibrations. Therefore, the grain temperature is capable of rising sharply when absor-
bing a single photon, after which the grain temperature falls back to a smaller value.
This large variation in temperature on short time scales characterizes a fluctuating
grain temperature of very small grains in time, rather than the constant equilibrium
temperature approximation for large dust particles. Very small grains are capable of
radiating intensely at mid-infrared temperatures when attaining high enough tempe-
ratures.

1.2.2

In general, the heating of gas in a galaxy is dominated by two processes, both indirectly

Heating and cooling mechanisms of gas

related to the far-ultraviolet emission of young stars.

A first important gas heating mechanism is the photoelectric effect on large molecules
and small dust grains. This photoelectric effect refers to a photo-ionization process
from photons on dust grains, for which the excess kinetic energy of the ejected pho-
toelectron is used to collisionally excite and, thus, thermally heat the gas. This pho-
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Figure 1.5: Schematic overview of the photoelectric heating mechanism (adopted from Figure
13 in Hollenbach & Tielens 1999).

toelectric heating process is dominated by very small grains and PAHs (Verstraete et
al., 1990; Bakes & Tielens, 1994). When those interstellar grains absorb a far-ultraviolet
photon, energetic electrons are created and diffused in the grain. When reaching the
grain surface, those electrons may overcome the binding energy of the grain, i.e. the
work function W of the grain and a possible Coulomb potential ¢c when the grain is
charged. Successful electrons are then released into the gas component of the ISM with
an excess kinetic energy (see Figure 1.5 for a schematic overview of the process of pho-
toelectric heating). The efficiency €grain 0f this photoelectric effect is given by the ratio
of the gas heating rate to the far-ultraviolet absorption rate of the grain and expressed

hv — W — gbc
€grain =~ Y (T) (1.8)

where Y is the electron escape probability (also called yield) and the term between

as

brackets represents the fraction of the photon energy carried away as kinetic energy
by the electron. The large uncertainty factor is the yield factor, which is a complex
function of the grain size 4, the photon energy hv, the collision scale length [, (~ 10 A)
for low-energy electrons in solids, and the far-ultraviolet absorption scale length [, (~
100 A) inside a grain (Watson, 1972; Draine, 1978; Bakes & Tielens, 1994).

Another indirect thermal coupling of gas and penetrating far-ultraviolet photons oc-
curs through pumping of Hy molecules to a bound excited electronic state. While at
low densities, vibrationally excited H, molecules decay to the ground level through
the emission of infrared photons, collisions with atomic H can become an important
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Figure 1.6: Schematic overview of the far-ultraviolet pumping of H, mechanism, subsequent
collisional de-excitation of Hy and gas heating processes (adopted from Figure 8 in Hollenbach
& Tielens 1999).

0> cm™3). The efficiency of this hea-

excitation mechanism at high densities (n > 1
ting process depends on the fraction of far-ultraviolet photons flux pumping Hy, fn,,
rather than being absorbed by dust grains, and the temperature of the gas (Martin &
Mandy, 1995; Martin, Schwarz & Mandy, 1996). For Go/n < 4 x 1072 em? (G repre-
sents the incident far-ultraviolet flux between 6 eV < hv < 13.6 eV in units of 1.6 X
1072 erg cm 2 s™!, Habing 1968) and fy, ~ 0.25, the dust opacity decreases, imply-
ing that the gas heating through far-ultraviolet pumping of H, molecules becomes an
efficient mechanism (see also Sternberg & Dalgarno 1989 and Burton, Hollenbach &

Tielens 1990).

Besides these main heating mechanisms related to the far-ultraviolet emission origi-
nating from young stars, low-energy cosmic rays also contribute to the gas heating,
through ionization and excitation processes. Owing to the high energy of cosmic
rays, they are capable of penetrating deep into the molecular clouds, where they also
charge particles through Coulomb interactions with free electrons. In the warm, dif-
fuse medium or in the immediate surroundings of a supernova remnant, X-rays are
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responsible for the removal of electrons from atoms and ions. Those photoelectrons
can in turn induce a secondary ionization and, in this manner, heat the gas. In the in-
ner cores of giant molecular clouds and in supernova remnants, the temperature and
density is sufficient to also heat the gas through collisions of gas atoms and molecules
with dust grains. These three heating mechanisms (grain-gas collisions, cosmic ray
and X-ray heating) are, however, negligible in most ISM environments, where the UV
radiation is the dominant factor driving the gas heating.

With gas heated mainly through the photoelectric effect on PAHs and small dust grains
and the pumping of H, molecules by far-ultraviolet photons, the gas needs to be
cooled to balance the thermal equilibrium of the ISM. Gas cooling happens predo-
minantly through the emission of far-infrared fine-structure and molecular rotational
lines. The molecular line emission is dominated by rotational line transitions of CO.
At the boundary of PDRs, the gas cooling occurs through the emission of far-infrared
tine-structure lines. The cooling efficiency in particular regions of the ISM depends on
the specific conditions of the ISM (i.e. the gas density and the incident far-ultraviolet
radiation field). In most star-forming galaxies, the cooling is dominated by the [ClI1]
and [O1] fine-structure lines. As soon as the gas temperature increases to about 5000 K,
[Felr] (1.26, 1.64 um), [O111] (88 pm) and [S1I] (67.3 ym) account for a significant frac-
tion of the gas cooling (Burton, Hollenbach & Tielens, 1990). For high enough densities,
cooling through collisions with cool dust grains might have an important share in gas
cooling as well (Burke & Hollenbach, 1983). To relate the emission from far-infrared
fine-structure lines and molecular rotational lines to the cooling efficiency in a galaxy,
tull radiative transfer calculations are needed to model the distribution and characte-
ristics of different ISM phases.

15



1.3 Study of the ISM properties from infrared observations.

In the previous sections, the different ISM components were introduced and the in-
teractions of the gaseous and dust components with stellar radiation discussed. In
this PhD thesis, we aim to characterize specific properties of those ISM components
and understand the physics behind their interaction processes. With the characteris-
tic emission associated to the cold ISM material predominantly emerging at infrared,
submillimeter and millimeter wavelengths, we analyze the properties of the ISM in
galaxies through observations in those wavebands.

1.3.1)  The Herschel Space Observatory

Until recently, observations of the ISM in galaxies were hampered by the poor res-

olution and limited wavelength coverage of infrared instrumentation. Previous ge-
neration far-infrared space satellites such as the Infrared Astronomical Satellite (IRAS,
Neugebauer et al. 1984), the Infrared Space Observatory (ISO, Kessler et al. 1996, 2003),
the Spitzer Space Telescope (Werner et al., 2004) and Akari (Murakami et al., 2007) only
covered mid- and far-infrared wavelengths up to 200 ym. Ground-based submillime-
ter telescopes suffer severely from the opacity of the earth’s atmosphere at the highest
frequencies and are mainly operational from 850 ym onwards. Both restrictions imply
that the spectral energy distribution of galaxies between 200 and 800 ym, where the
emission from cold gas and dust dominates, is largely unexplored.

Recently, this large gap in wavelength coverage was bridged due to the launch of the
Herschel Space Observatory (Pilbratt et al., 2010). Herschel, the fourth cornerstone of
ESA’s Cosmic Vision 2005-2015 program, was launched on the 14th of May 2009 on
board an Ariane 5 ECA, together with the Planck satellite. After the launch of the
Ariane 5 the telescopes detached and continued their own journey in space. Both the
Herschel and Planck satellites travelled towards the second Lagrange point of the Sun-
Earth system (L2) around which it orbits on a Lissajous trajectory. Since the L2 point
is a relatively stable point, only little energy pulses are required to keep the telescopes
in position. With a Cassegrain telescope of size 3.5m, the Herschel Space Observatory
is the largest telescope ever launched into space (see Figure 1.7). With a wavelength
coverage from 51 to 670 ym, Herschel is the first space mission covering a spectral
range from the far-infrared to the submillimeter wavelength domain.

On board the Herschel satellite three instruments collect the radiation originating from
the coldest material in the Universe. The Heterodyne Instrument for the Far-Infrared
(HIFI, 480-1910 GHz, de Graauw et al. 2010) is a high-resolution heterodyne spectro-
meter performing spectral line observations with an unprecedented spectral resolu-
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Figure 1.7: The Herschel Space Observatory.

tion (0.3-300 km/s) and an instantaneous bandwidth of 4 GHz. The Photometer Array
Camera (PACS, 51-220 yum, Poglitsch et al. 2010) has a FIR imaging photometer com-
posed of two filled bolometer arrays (64 x 32 for the blue channel and 32 x 16 for
the red channel) and an integral field (grating) spectrometer. Also the Spectral and
Photometer Imaging Receiver (SPIRE, 200-670 ym, Griffin et al. 2010) is optimized for
both photometry and spectroscopy observations with a submillimeter imaging pho-
tometer and a Fourier Transform Spectrometer (FTS). Continuum observations with
SPIRE photometers simultaneously probe the signal in three wavebands (250, 350 and
500 ym), whereas the PACS bolometers can observe simultaneously at 160 ym and at
70 or 100 pm.

Considering that the wavelength range covered by Herschel is dominated by emission
from very cold objects, the instruments on board the satellite are very sensitive to ra-
diation from the instrumental equipment. To keep the contaminating emission from
the instrumentation to an absolute minimum the instruments are continuously cooled
with superfluid helium to a temperature of about 2 K. Since the amount of cooling li-
quid on board Herschel that could be launched into space was limited and refilling of
the helium tank is not an option, Herschel is condemned to have a limited lifetime of
operation. Before launch an estimated lifetime of 3.5 years was predicted. The present
best estimate of the remaining cryogen lifetime predicts that Herschel will be perform-
ing science observations until approximately February 2013.

Herschel is providing the astronomical community with a large inventory of observa-
tions at far-infrared and submm wavelengths. Many observing programs, both large-
scale key programs and smaller-scale focused projects, are targeting different aspects
of the cold ISM in galaxies. A complete list of the approved Herschel programs can
be found on the website of the Herschel Science Centre (http:/ /herschel.esac.esa.int).
The UGent astronomy group is involved in several of these projects. The participation
in many of those Guaranteed Time projects is thanks to the involvement of Belgium
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in the development of the spectrometer (IMEC, C.S. Liege) and the responsibility of
operation and calibration of the instrument during the flight mission (K.U. Leuven).
Owing to the large contribution of Belgian institutes (20 %) and Prof Dr. Christoffel
Waelkens (K.U. Leuven) being the co-Principle Investigator of the PACS instrument,
they were awarded with ~ 400 hours of guaranteed time which was generously dis-
tributed among the different astronomical institutes in Belgium. The majority of the
projects in which the University of Ghent is involved mainly aim to study the cha-
racteristics of the ISM in nearby galaxies. These projects can be broadly subdivided in
three groups. The first set of project consists of large-scale “blind” surveys of regions of
the sky. In this category, the Herschel Astrophysical Terahertz Large Area Survey (H-
ATLAS), the largest open time key program done with Herschel, has surveyed 550 deg?
of extragalactic sky with PACS and SPIRE. Smaller but deeper survey areas pointing to-
wards the Virgo Cluster and Fornax Cluster have been observed as part of the Herschel
Virgo Cluster Survey (HeViCS) and the Herschel Fornax Cluster Survey (HeFoCS), res-
pectively. The second class of projects were the UGent group is involved in are studies
of samples of galaxies aiming at a systematic study of the dust and gas distribution
in different classes of nearby galaxies. The Herschel Reference Survey (HRS) and the
Dwarf Galaxy Survey (DGS) are guaranteed time projects focusing on large samples
of normal and dwarf galaxies, respectively. A sample of dust-lane galaxies are tar-
geted in three linked smaller projects, i.e. the Herschel Observations of Edge-on Spi-
rals (HEROES), the New HErschel Multi-wavelength Extragalactic Survey of Edge-on
Spirals (NHEMESES) and the Far-infraRed Investigation of Early-type galaxies with
Dust Lanes (FRIEDL). Finally, a number of projects target individual interesting ob-
jects which deserve a detailed investigation of their ISM. The largest of these project
is the Very Nearby Galaxies Survey (VNGS) where 13 prototypical galaxies are stud-
ied in detail with PACS and SPIRE. Smaller projects target the massive elliptical M87,
the Andromeda Galaxy (Herschel Exploitation of Local Galaxy Andromeda, HELGA),
the Local Group dwartf ellipticals NGC 185 and NGC 147, and the region of the Large
Magellanic Cloud around SN 1987A. Table 1.2 presents an overview of all Herschel
projects that the UGent is involved in.

Most of the scientific research presented in this PhD thesis was performed in the frame
of the HeViCS, HRS and VNGS projects (see Section 1.4). Therefore, these Herschel
programs are presented in the following subsections giving an overview of their ob-
serving strategy and main science goals and highlighting some of their first scientific
results.
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Project name PI Type Instruments Time
HeViCS Jon Davies OTKP PACS, SPIRE 286.0
HRS Stephen Eales GTKP SPIRE 112.6
HRS-PACS Luca Cortese oT1 PACS 50.8
DGS Suzanne Madden GTKP PACS,SPIRE 104.9
VNGS Christine Wilson GTKP PACS, SPIRE 143.9
H-ATLAS Stephen Eales OTKP PACS, SPIRE 600.0
HELGA Jacopo Fritz GT1 PACS, SPIRE 18.1
HEROES Maarten Baes GT1 PACS, SPIRE 6.0
NHEMESES Benne Holwerda OT2 PACS, SPIRE 10.3
FRIEDL Maarten Baes GT2 PACS, SPIRE 3.4
M87 Jacopo Fritz GT2 PACS 2.0
Local Group dEs Ilse De Looze OT2  PACS 4.5
SN 1987A Maarten Baes GT2 PACS, SPIRE 2.9
HeFoCS Jon Davies OT2  PACS,SPIRE 31.1

Table 1.2: An overview of the Herschel projects with UGent involvement.

1.3.2

The Herschel Virgo Cluster Survey

The Herschel Virgo Cluster Survey (HeViCS!, see also Davies et al. 2010a) is an Open
Time Key Project that was awarded 286 hours of observing time to cover the most
nearby cluster, Virgo, with the PACS (100, 160 #m) and SPIRE (250, 350, 500 ym) pho-
tometers. The cluster was mapped in four 4x4 deg? areas (see Figure 1.8). Upon
completion of the complete survey, the Herschel telescope has observed 84 deg? of the
Virgo cluster, of which 55 deg? were covered at full depth in each of the 5 photometric
bands. The observations were performed in parallel scan map mode, which means that
PACS and SPIRE observations were collected simultaneously. Auld et al. (subm.) de-
tected 254 (36%) of the 708 optically selected Virgo Cluster Catalogue galaxies within
the survey boundary in at least one band, among which 164 galaxies were detected
in all five bands. The primary science goals of the Herschel Virgo Cluster Survey in-
clude the detection of dust in the extreme outskirts of galaxies and in the intergalactic
medium, a study of the FIR/submm SED and luminosity functions and an analysis
of the dust properties in dwarf elliptical, irregular and early-type galaxies. This sur-
vey also provides an ideal local benchmark for environmental studies in clusters to
compare with similar field surveys of distant clusters.

The first phase of the HeViCS science exploitation was based on the Science Demon-
stration Phase data, covering the central 4° x 4° region of the Virgo cluster. Based

! More details on HeViCS can be found on http://www.hevics.org.
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Figure 1.8: Map of the Virgo Cluster where the X-ray contours from Bohringer et al. (1994) are
shown in blue, the VCC survey region is outlined in solid black and the full extent of HeViCS
is outlined in red (left panel). The middle panel represents the optically selected VCC galaxies
with black ellipses representing their optical discs measured to D»5. Dominant cluster galaxies
have been labelled as well. The right panel shows the Herschel /SPIRE 250 ym image of the
complete survey. These figures were adopted from Auld et al. (subm..).

on this limited data set, we have analyzed the FIR luminosity function (Davies et al.,
2010a), the truncation of dust disks in HI deficient spirals (Cortese et al., 2010a), the
upper limits on the dust lifetime in early-type galaxies (Clemens et al., 2010), the dis-
tribution of dust mass and temperature in cluster spirals (Smith et al., 2010) and have
probed the dust content in metal-poor, star-forming dwarfs (Grossi et al., 2010), the
dominant cluster elliptical galaxy M87 (Baes et al., 2010) and cluster dwarf elliptical
galaxies (De Looze et al., 2010). More recently, Davies et al. (2012) have analyzed the
global far-infrared properties of 78 optically bright galaxies based on Herschel obser-
vations of the full survey area at a limited depth (one single cross-scan coverage). From
the same dataset of observations, Magrini et al. (2011) investigated the dependence of
the molecular gas conversion factor, Xcp, on metallicity. A series of papers exploi-
ting the entire dataset covering the complete survey area at full depth are currently in
preparation.

1.3.3  The Herschel Reference Survey

The Herschel Reference Survey (HRS, Boselli et al. 2010a) is a guaranteed time key
project which is led by the SAG-2 consortium. It has observed a volume-limited, K-
band selected sample of 323 galaxies in the nearby Universe with the SPIRE instrument
(a complementary project to observe the same galaxies with PACS is being executed as
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Figure 1.9: The sample of HRS galaxies indicating for each individual object its sky distribu-
tion (Virgo cluster: red; Virgo outskirts: green; Coma I Cloud: orange; Leo Cloud: magenta;
Ursa Major Southern Spur and Cloud: brown; Crater Cloud: cyan; Canes Venatici Spur and
Camelopardalis: light green and Virgo-Lybra Cloud: blue) and morphological classification
(E-S0-S0a: circles and Sa-Sd-Im-BCD: crosses).

well). The galaxies are located at a distance between 15 and 25 Mpc, and span the
whole range of morphological types (from elliptical to late-type spirals) and environ-
ments (from isolated field galaxies to members of the central, dense regions of the
Virgo cluster). To prevent any duplication of Herschel observations, 79 objects of the
323 galaxies were observed as part of the Herschel Virgo Cluster Survey. Owing to
the large sample size, diversity in galactic properties and availability of a large ancil-
lary dataset, a detailed analysis of the statistical properties of this sample is possible
and provides a benchmark study of dust in the nearby Universe (see Figure 1.9 for an
overview of the HRS galaxy sample indicating their position and morphological clas-
sification). The main scientific goals of this program include the investigation of (i) the
dust content of galaxies as a function of Hubble type, stellar mass and environment,
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(ii) the connection between the dust content and composition and the other phases of
the interstellar medium, and (iii) the origin and evolution of dust in galaxies.

The first scientific results obtained from the dataset of Science Demonstration Phase
(SDP) observations analyze the far-infrared colours of late-type HRS galaxies (Boselli
et al., 2010b). A more thorough analysis of the far-infrared colours exploiting the full
dataset of the HRS survey is reported in Boselli et al. (2012). Based on this complete
dataset, Cortese et al. (2012a) explore the dust scaling relations for wide ranges of envi-
ronmental conditions and galaxy types, with Smith et al. (2012) investigating the dust
properties in early-type HRS galaxies. Besides those global studies on statistically sig-
nificant subsamples of HRS galaxies, spatially resolved studies on individual objects
have also been presented, including the massive elliptical M86 (Gomez et al., 2010), the
disturbed galaxy NGC 4438 (Cortese et al., 2010b) and the face-on spiral galaxies M99
and M100 (Sauvage et al., 2010; Pohlen et al., 2010; Eales et al., 2010b). Boquien et al.
(2012) study the IRX-p relation on subgalactic scales in star-forming galaxies. The ana-
lysis of the dust energy balance study in the edge-on spiral galaxy NGC 4565 exploits
the HRS observations for this galaxy and the large dataset of ancillary observations (see
Chapter 6, De Looze et al., in prep.). A complete overview of the Herschel photometry
of all galaxies in the HRS sample is presented in Ciesla et al. (2012).

1.3.4|  The Very Nearby Galaxy Survey

The Very Nearby Galaxy Survey (VNGS) is another guaranteed time key project led by
the SAG-2 consortium. VNGS has observed 13 nearby galaxies covering a wide galaxy
parameter space. The Herschel observations, providing PACS (70, 160ym) and SPIRE
(250, 350, 500xm) maps are crucial for understanding the ISM properties in galaxies,
including the processes that govern galaxy formation. For several of the target galaxies,
deep PACS spectroscopy maps and SPIRE FTS spectroscopic data are available as well.
Because of the wide variety of sample galaxies, the survey will also be able to address
the influence of environment on galaxy evolution. Besides very famous and bright
nearby galaxies such as the Whirlpool galaxy (M51), the Antennae (NGC 4038/4039),
Cen A, Arp 220 and many others, NGC 205, a bright dwarf satellite of the Andromeda
galaxy, was covered by VNGS as well. Figure 1.10 displays GALEX UV images of all
nearby galaxies observed in the frame of the Very Nearby Galaxy Survey.

The first results of the VNGS present detailed photometric and/or spectroscopic stu-
dies of individual galaxies from this sample. Based on the SPIRE FTS spectroscopy,
Panuzzo et al. (2010) and Rangwala et al. (2011) discuss the specific excitation con-
ditions in the ISM of M82 and Arp 220, respectively. Roussel et al. (2010) probe the
far-infrared colours and physical properties of dust in the wind and tidal streams of

22



> i';-'_-- ;

'Y oy

NGC891 | " NGC 2403 .
o

. NGC 4038/9 NGC 4125

NGC 1068 *NGC 4151 ? + NGC 205 NASA, ESA, Hubble

Heritage team

Figure 1.10: GALEX images of the galaxies in the sample of the Very Nearby Galaxy Survey.

M82. The origin of the diffuse far-infrared emission in the M81 group was the sub-
ject of Davies et al. (2010b). The heating mechanisms and gas-to-dust ratio in Cen A
was the main topic of the papers Auld et al. (2012) and Parkin et al. (2012), respectively.
Bendo et al. (2010, 2012) investigate the dust heating mechanisms from the photometry
data of three nearby, face-on spiral galaxies, M81, M83 and NGC 2403. The properties
of the dust and gas in the nearby, barred galaxy M83 were discussed in Foyle et al.
(2012). The stars, dust and gas in the Whirlpool galaxy (M51) are investigated from
a spatially resolved SED fitting procedure in Mentuch et al. (subm.). Exploring the
photometry data as well as PACS spectroscopy maps for the early-type dwarf galaxy,
NGC 205, the missing ISM mass problem in this object could be reanalyzed (see Chap-
ter 4, De Looze et al. 2012b).
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1.4 Goals of this PhD thesis

In the previous sections, the unique possibilities of the Herschel Space Observatory
to study the cold dust and gas components have been demonstrated. Section 1.3 also
briefly mentions the goals of a number of Herschel programs in which the UGent group
is involved and which are related to this PhD thesis. In this section, the concrete re-
search topics and the main scientific goals of this PhD thesis are presented.

1.4.1 The [CI1] line as a star formation rate diagnostic

In the first part of this PhD thesis, we aim to characterize the [CII] cooling efficiency
and relate the [CI1] line flux to the star formation activity in galaxies. It is reasonable
to expect a correlation between the emission from far-infrared fine-structure and mole-
cular rotational lines and the star formation activity in a galaxy. Among those cooling
lines, the far-infrared fine-structure [CII] line (A = 157.714 ym) is typically one of the
brightest spectral lines in star-forming galaxies (Licyj / Lrr ~ 0.1-1%) and, therefore,
an excellent candidate to probe the star-forming activity in those objects.

Carbon is the fourth most abundant element and has a lower ionization potential
(11.26 eV) than hydrogen, implying that carbon will be ionized to C* in the surface
layers of neutral gas clouds illuminated by far-ultraviolet photons. Because the [CII]
line is relatively easy to excite (AE/k ~ 91 K), it is capable of cooling warm neutral
gas B0K < T < 10* K), where the most abundant atoms H and He provide ineffi-
cient cooling mechanisms (Tielens & Hollenbach, 1985; Wolfire, Tielens & Hollenbach,
1989). Owing to the brightness of the [CII] line in star-forming galaxies and its coo-
ling efficiency in neutral gas, the [CII] line is thought to be an alternative probe for the
star formation rate as well as the molecular gas content in galaxies (in particular in
low-metallicity objects, e.g. Madden 2000; Cormier et al. 2010).

A direct relation between the [CII] luminosity and the star formation activity in gala-
xies is, however, contaminated by several factors. Indeed, the [CII] emission in galax-
ies is often not restricted to the neutral layers of photo-dissociated gas surrounding
the active star formation regions, but might have an important contribution from ion-
ized gas regions and diffuse HI clouds. Moreover, the efficiency of gas cooling through
[CI1] line emission depends on the specific conditions of the gas (i.e. density, tempera-
ture, metallicity, etc.). The different contributors to the [CII] line emission in galaxies
and deviation from the linear trend for more relaxed and/or extreme star formation
conditions are discussed into more detail in Section 2.1. Despite those bottlenecks, we
analyze in this PhD thesis whether the [CII] line emission from galaxies can be used
to probe its star formation activity. As an extension of the work done by Boselli et al.
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(2002b), we recalibrate the relation of the [CII] line flux with the SFR for a sample of
galaxies with a broader range in far-infrared luminosity (up to Lpr ~ 10! L) (see
Chapter 2). The selection of our galaxy sample was performed in the pre-Herschel
epoch and, therefore, obtained from a catalog consisting of all galaxies with ISO obser-
vations of the [CII] line emission. For the calibration of the SFR, we compare several
star formation indicators and select the most reliable tracer. The empirical calibration
of this correlation in the local Universe will prove its utility to trace the star formation
productivity in galaxies at high redshift, in which the emission of young stellar objects
is heavily obscured and for which the bright [CII] cooling line can offer an interesting

alternative measure of the star formation rate.

1.4.2 Interstellar dust in cluster dwarf elliptical galaxies

Early-type dwarf galaxies (dEs) are the dominant morphological type in galaxy clus-
ters. They were originally seen as a rather homogeneous population of dwarf gala-
xies with an old stellar age, no features resembling any recent or ongoing star forma-
tion, and no indications of a significant interstellar medium (ISM). This viewpoint has
changed radically in the past few years. Deep imaging observations of dEs have re-
vealed their heterogeneous morphology. In particular, the population of dEs can be
subdivided into nucleated and non-nucleated subclasses and several papers report e-
vidence for the presence of disks, spiral structure, bars or star formation (e.g., Jerjen,
Kalnajs & Binggeli 2000; Barazza, Binggeli & Jerjen 2002; Geha, Guhathakurta & van
der Marel 2003; Graham & Guzman 2003a; Graham et al. 2003b; De Rijcke et al. 2003;
Lisker, Grebel & Binggeli 2006a; Lisker et al. 2006b). Kinematical studies demonstrate
that dEs are not simple pressure-supported systems: some dEs seem to be rotationally
supported (Simien & Prugniel, 2002; Pedraz et al., 2002; Geha, Guhathakurta & van
der Marel, 2003; De Rijcke et al., 2003; van Zee, Skillman & Haynes, 2004; Toloba et al.,
2009), whereas others show evidence of kinematically decoupled cores (De Rijcke et
al., 2004; Thomas et al., 2006).

Adding to this morphological and kinematical inhomogeneity is the detection of a sig-
nificant interstellar medium in various dEs. Atomic and molecular gas was discovered
for the first time in the Local Group dEs NGC 185 and NGC 205 using deep VLA and
BIMA observations (Young & Lo, 1997). In the Virgo cluster, Conselice et al. (2003)
estimate a HI detection rate of 15% for dEs down to a 3¢ limit of 8 x 10° My, while
di Serego Alighieri et al. (2007) report a 1.7% HI detection rate with a 3¢ detection
limit of 3.5 x 107 M. Large amounts of cold interstellar matter are unexpected in
dEs, as both internal (supernova explosions) and external effects (ram-pressure strip-
ping, galaxy interactions, tidal effects) are thought to be able to expel the gas from the
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shallow potential on short timescales (Michielsen, De Rijcke & Dejonghe, 2004; van
Zee, Skillman & Haynes, 2004; Roediger & Hensler, 2005; Boselli et al., 2008a,b; Valcke,
De Rijcke & Dejonghe, 2008). That the HI detected dEs are found preferentially near
the edge of the cluster supports the idea that understanding environmental effects is
crucial to constrain the evolutionary history of dEs. Buyle et al. (2005) and Bouchard
et al. (2005) performed HI observations in the outskirts of the Fornax cluster and the
Sculptor group, respectively, and confirmed the tendency of gas-deficient galaxies to
be located near the center of the cluster.

Continuum emission from interstellar dust is a promising alternative way to deter-
mine the ISM content of dEs. In particular, the ISM in the immediate surroundings of
M&87 can be traced by dust emission, as strong radio continuum emission considerably
reduces the HI detection sensitivity within 1° of M87 (Giovanelli et al., 2007). Until
recently, the Andromeda satellites NGC 205 and NGC 185 were the only dEs that have
been detected in the far-infrared (Haas 1998; Marleau et al. 2006, 2010). In particu-
lar, no dust emission had been detected from cluster dEs. While extinction features
in optical images are indicative of dust in at least some cluster dEs (Ferrarese et al.,
2006; Lisker, Grebel & Binggeli, 2006a; Lisker et al., 2006b), the direct detection of dust
emission has been hampered by the limited sensitivity and wavelength coverage of the
previous generation of far-infrared instrumentation. The advent of the Herschel Space
Observatory offers new possibilities for mapping the ISM in dEs. With the Herschel
observations of the Virgo cluster in the frame of the HeViCS and HRS programs cove-
ring the central, dense and outer, diffuse regions of the Virgo cluster, respectively, we
search in this PhD thesis for the first detection of far-infrared dust continuum emission
from cluster dwarf elliptical galaxies (Chapter 3).

1.4.3

NGC 205 and its missing ISM mass problem

NGC 205 is one of the three early-type dwarf satellite galaxies of the Andromeda galaxy.
At its distance of only 824 kpc (McConnachie et al., 2005), it possible to study such low
surface brightness galaxies, whereas galaxies at the low luminosity end often remain
undetected at larger distances. Moreover, the Local Group allows probing the inter-
stellar medium (ISM) of its residents at high resolution and, at the same time, offers a
wealth of ancillary data. Studying the properties of the ISM and metal-enrichment in
metal-poor dwarf galaxies offers a promising way to learn more about the conditions
in the early Universe and the evolution of dwarf galaxies throughout the history of the

universe.

NGC 205 is of particular importance due to its relatively low metal abundance (Z ~
0.13 Z, Richer & McCall 2008), interesting star formation history and indications
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of a tidal encounter with its massive companion M31. The star formation history in
NGC 205 has been studied extensively (Baade, 1951; Hodge, 1973; Bertola et al., 1995;
Davidge, 2003). An old stellar population (10 Gyr, Bica, Alloin & Schmidt 1990) do-
minates the overall stellar content of the dwarf galaxy and a plume of bright blue star
clusters in the central region of NGC 205 was already identified approximately 60 years
ago (Baade, 1951; Hodge, 1973). Based on observations of this young stellar population
in combination with adequate model assumptions has provided several independent
theoretical predictions of the current gas content in NGC 205 (see Section 4.1). Upon
comparison of this theoretical gas content with observations (see Section 4.2), a large
reservoir of gas has been found missing in NGC 205. This deficiency in ISM content is
often referred to as the missing ISM mass problem.

In this PhD thesis, we present Herschel observations of NGC 205 observed as part of
the VNGS and HELGA projects, with the aim of making an inventory of all the dust
in NGC205. Furthermore, we report new gas mass measurements from James Clerk
Maxwell Telescope (JCMT) CO(3-2) observations and Herschel [CII] 158 ym and [O1]
63 um line spectroscopy mapping. From those new dust and gas mass estimates, we
are able to revise the “missing ISM” problem in NGC 205.

1.4.4

The dust energy balance in M104 and NGC 4565

Dust energy balance studies involve a complementary study of the dust component in
galaxies, based on the extinction features of dust as seen in UV /optical images as well
as the thermal emission of dust at FIR/submm wavelengths. The general approach in
those dust energy balance studies initiates with the construction of a radiative trans-
fer model for the stars and dust in a galaxy based on optical observations, revealing
the extinguishing effect of dust grains on stellar light at different wavelengths. In a
second step, the radiative transfer equation is solved for the specific parameters in
the radiative transfer model and the dust emission is calculated. The predictions for
the dust emission from the model allow an independent comparison with observa-
tions at infrared /submm wavelengths. We expect that the reprocessed stellar light at
FIR/submm wavelengths, i.e. the thermal re-emission of dust, exactly compensates
for the amount of photon energy absorbed at UV /optical wavelengths. In case of dis-
crepancies, the radiative transfer model contains flaws and requires further refinement
until all inaccuracies have been removed from the model and the observed dust emis-
sion is in balance with the absorption of stellar light by dust grains.

Edge-on spiral galaxies are considered ideal case studies for detailed dust energy ba-
lance studies (e.g. Popescu et al. 2000; Popescu &Tuffs 2002; Popescu et al. 2011; Misiri-
otis et al. 2001; Alton et al. 2004; Dasyra et al. 2005; Baes et al. 2010). To enable a com-
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Figure 1.11: The famous edge-on spiral galaxy NGC 891.

plementary study of the dust component, dust energy balance studies require obser-
vations of the dust emissivity at FIR/submm wavelengths and the extinction of dust
grains in optical/UV wavebands. Since the vertical extent of dust in galaxies is typi-
cally more confined than the stellar distribution (e.g.: Kylafis & Bahcall 1987; Xilouris
et al. 1997, 1998, 1999; Alton et al. 2004; Bianchi 2007), only objects with a huge amount
of dust along the line-of-sight will reveal the obscuring effect of dust at optical wave-
lengths. This implies that only extremely dusty systems or objects seen under an incli-
nation angle close to 90° qualify for a panchromatic study of the dust energy balance.
Due to their edge-on view, these objects are also the only systems for which the dust
can be resolved vertically. Unfortunately, the high inclination of the disk also implies
that most of the details of the spiral arms in the stellar disk are smeared out and most
details of the dust distribution vanish when integrating along the line-of-sight.

Several edge-on spirals have been the target of detailed analyses of their dust energy
balance, among which NGC 891 stands out as the most extensively studied object (see
Figure 1.11). In general, those studies indicate that 30% of the bolometric luminosity of
the galaxy is emitted by interstellar dust in the infrared, whereas the optical radiative
transfer models suggest an absorption of only 10% of the stellar radiation (Popescu et
al., 2000; Misiriotis et al., 2001; Popescu &Tuffs, 2002; Alton et al., 2004; Dasyra et al.,
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2005; Baes et al., 2010; Popescu et al., 2011). This inconsistency is referred to as the
‘dust energy balance problem’. Different scenarios have been suggested to explain this
problem.

Popescu et al. (2000, 2011) and Misiriotis et al. (2001) tried to explain the discrepancy
in the dust energy budget by including a second thin diffuse dust disk, associated with
a young stellar population. Although this additional dust is able to account for the
missing observed FIR/submm emission, Dasyra et al. (2005) and Bianchi (2007) show
that this second disk scenario contradicts with K band observations. Alternatively, a
secondary dust component can be added in optically thick clumps distributed through-
out the dust disk. Neglecting a clumpy dust structure can result in an underestimate of
the optical dust mass by 40-50% (Witt & Gordon, 1999; Alton et al., 2000; Misiriotis &
Bianchi, 2002). These clumps can either have embedded star-forming regions or have
no associated sources. The latter clumps are referred to as ‘quiescent’. Bianchi (2008)
shows that a clumpy dust structure, associated to localized embedded sources and en-
compassing half of the dust mass (compared to the diffuse dust component), is able
to solve the dust energy balance problem in NGC 891. Also the results in Baes et al.
(2010) support the presence of heavily obscured star formation in clumpy dust clouds,
to account for the missing infrared radiation in UGC 4754.

An alternative explanation that does not require the assumption of an additional dust
component was explored in Alton et al. (2000, 2004) and Dasyra et al. (2005). They
argue that an increase in dust emissivity compared to Galactic values in the submm
wavelength range (in the diffuse component as well as the denser dust environments)
also offers a possible solution to the dust energy balance problem. Assuming an in-
creased emissivity by a factor of 4 and 1.5 at 850 ym and 1.2 mm, respectively, com-
pared to the model prediction from Draine & Lee (1984), Alton et al. (2004) is capable
of explaining the discrepancy in the dust energy balance of three edge-on spirals (NGC
4013, NGC 4565, NGC 5907).

The poor wavelength coverage of the previous generation of FIR/submm instruments,
and the limited number of objects for which an energy balance study was possible in
the past have hampered the interpretation of dust energy balance studies. Thanks to
the increasing number of far-infrared and (sub)millimeter observations and the on-
going development of powerful radiative transfer codes, the pathway is now open for
dust energy balance studies on larger galaxy samples. However, if we want to un-
derstand the subtle interplay of the star-dust geometry on observed galaxy properties,
spatially resolved studies of well-resolved, individual galaxies are an absolute neces-
sity. The valuable information obtained from those spatially resolved studies enable a
thorough investigation of the dust energy balance in a galaxy. Unfortunately, only a
handful of objects are suited for a dust analysis at high resolution.
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In this PhD thesis, we analyze the dust energy balance on spatially resolved scales in
two nearby spiral galaxies: the Sombrero Galaxy M104 (see Chapter 5) and the Needle
Galaxy NGC 4565 (see Chapter 6).
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The [CI]] spectral line: a SFR diagnostic




2.1 Ambiguity about origin of [CII] emission in a galaxy

The [C11] line is one of the most important coolants of the interstellar gas, that is heated
mainly through the photoelectric effect on very small dust grains and PAHs, exposed
to ultraviolet radiation from young stars. The photo-ionization of dust particles is
particularly efficient for radiation with energies in the range 6 < hv < 13.6 eV. Those
photons typically originate from B3 to B0 stars with stellar masses 5 < M < 20 Mg
(Xu & Buat, 1995), while locally a fraction might also reside from more massive stars.
Based on this argumentation, the [CII] line emission is thought to be a reliable tracer of
the star formation activity in a galaxy. In the past, the [CII] line was already exploited
to detect star formation in nearby galaxies (Genzel & Cesarsky, 2000; Malhotra et al.,
2001; Boselli et al., 2002b; Luhman et al., 2003; Pierini, Leech & Volk, 2003). Stacey et
al. (1991) and Pierini et al. (1999) even suggested the use of [CII] as a SFR diagnostic
in non-starburst galaxies. Similarly, Leech et al. (1999) found an indirect correlation
between the [ClI] emission and star formation activity in galaxies, from correlations
of the [CII]-to-FIR and [CII]-to-K’ flux ratios with galaxy lateness, which is in its turn
related to massive star formation activity in a galaxy. Boselli et al. (2002b) was the first
to calibrate the [CII] line flux as a star formation tracer based on Ha + [N1I] line fluxes.
For a sample of 22 nearby late-type galaxies, spanning a far-IR luminosity range of
108 < Lrr < 10102 L, Boselli et al. (2002b) only found a weak trend in the relation
between the [CI1] line intensity and the star formation rate. The scatter in their SFR
calibration is however significant, with an uncertainty factor of ~ 10 when estimating
the SFR from the [CII] line emission. In view of the progress in techniques dealing
with [NII] contamination (Decarli et al., 2007) and the recent improvement in accuracy
of attenuation corrections for Ha data (Boselli et al., 2009a), we argue that part of the
scatter in their SFR calibration might be owing to uncertainties related to data analysis
of the Ha + [NI1] line fluxes.

However, several issues regarding the origin of the [CII] emission in a galaxy ham-
per a simple proportionality of the line emission with the SFR. Since the UV emission
responsible for the photoelectric heating of the gas might originate from different loca-
tions within a galaxy with diverging physical conditions, the origin of [CII] emission
in a galaxy is difficult to interpret.

Aside from the ambiguity about the dominant source of [CII] emission in a galaxy, the
excitation of [CII] might saturate at high temperatures and densities (Kaufman et al.,
1999), implying that a direct conversion from [CII] line emission to a degree of star
formation activity might fail to detect more extreme star formation events in a galaxy.
However, the use of the [CII] line flux in probing the SFR in a galaxy does benefit from
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the fact that it is unaffected by extinction in most cases. Exceptions might be extreme
starbursts (Luhman et al., 1998; Helou, 2000) or edge-on galaxies (Heiles, 1994). Pa-
padopoulos, Isaak & van der Werf (2010) even argue that the [CII] deficiency in local
starburst galaxy Arp 220 is due to a higher dust optical depth at FIR/submillimeter
wavelengths rather than being caused by saturation of the [CII] excitation in higher
density PDRs. A similar explanation is given in Rangwala et al. (2011) for Arp 220
and in Gracia-Carpio et al. (2011) for a sample of 44 local starburst, Seyfert or ultra-
luminous infrared galaxies (ULIRGS). Gracid-Carpio et al. (2011) argue that the line
deficit is not restricted to the [CII] line, but similar deficits are being observed for other
FIR fine-structure lines such as [NII] and [O1]. They attribute the line deficiencies to a
higher ionization parameter in ULIRGS, implying an increase in the dust absorption of
UV photons and, thus, a decrease in available ionizing photons to excite the FIR fine-
structure lines. The separation between normal galaxies and more extreme starbursts
(Lrir/MHp, = 80 Lo /Mg) coincides with the distinction between two different modes

of star formation.

While the galaxies in our sample are neither extreme starburst nor edge-on galaxies,
we only have to take the variable contribution from different phases of the ISM to the
[CI1] emission in a galaxy into consideration. In the next paragraphs, we briefly sum-
marize the different contributors in the ISM of a galaxy to the [CII] line emission and
their relative importance to the global [CII] line flux. The overview of the [CII] contri-
butions from the different phases in the ISM is based on the discussions in Hollenbach
& Tielens (1999) and Boselli et al. (2002b). However, the contributions from each of
those ISM components is highly uncertain and varies among galaxies. In the near fu-
ture, spatially resolved observations of multiple fine-structure lines (in particular [CI1],
CO, [N11] and [O1]) will allow to gain better insight in the origin of [CII] emission in a
galaxy. Currently, the most important contributions to the [CII] emission in a galaxy
are thought to arise from the following ISM components:

2.1.1 Diffuse ISM

The diffuse ISM includes both the neutral diffuse medium (HI clouds) and the warm
ionized medium (WIM). In view of their temperatures and densities, diffuse HI clouds

are predominantly cooled through the [CII] line (Dalgarno & McCray, 1972; Black,
1994; Hollenbach & Tielens, 1999). Also the contribution from warm neutral media
is often non-negligible in galaxies. From observations of the local diffuse medium in
the Solar neighborhood as observed by COBE at high galactic latitudes (Bennett et
al., 1994), two-thirds of the [CII] emission is thought to arise from the neutral diffuse
medium while the remaining one-third is associated to the WIM (Boselli et al., 2002b).
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On global galaxy scales, the contribution from the diffuse ionized gas in nearby star-
burst galaxies (e.g. M82, Lord et al. 1996; Colbert et al. 1999, and NGC 253, Carral et al.
1994) has been show to be at most ~ 30%, based on studies of the ionized and photo-
dissociated gas from bright FIR fine-structure lines and FIR continuum emission.

2.1.2 PDR

Photo-Dissociation Regions or PDRs are neutral regions in the interstellar medium at
the interface between molecular clouds and HII regions, where the heating and che-
mistry is governed by far ultraviolet (FUV) photons. While most of the [O1] emission
in a galaxy originates from PDR regions, also a significant portion of the [CII] emission
in a galaxy is thought to reside from PDRs. The importance of PDRs in the [CII] bud-
get of a galaxy was first revealed from the good correlation between the [CII] and CO
emission in a galaxy rather than with the HI emitting regions (Stacey et al., 1985; Shibai
etal., 1991). This suggested that —at least part of- the [CII] emission in a galaxy is asso-
ciated with PDRs, i.e. neutral regions on molecular cloud surfaces created by nearby
OB associations and /or the ambient interstellar radiation field (HI halos). In particular
the weaker PDRs contribute to the [CII] emission in a galaxy, because in strong, dense
PDRs the high densities and hard radiation field saturate the upper level of the [ClI1]
transition (e.g. Stacey et al. 1993). In low-metallicity environments, the contribution
from those strong PDRs might however be substantial (e.g. Magellanic Clouds, Israel
et al. 1996). The low metal abundance results in less absorption of far-ultraviolet pho-
tons by dust grains and thus less far-infrared dust emission. At the same time, the low
metal abundance allows a deeper penetration of UV light inside the molecular clouds
(Pak et al., 1998). The contribution from PDRs to the global [CII] line emission in a
galaxy is considered to be around 70 %, based on direct measurements of the [CII]-to-
[N1I]205,m ratio in the Carina nebula and appropriate assumptions on the gas phase
C/ N abundance ratio (Oberst et al., 2006).

2.1.3

HII regions

In normal galaxies, the contribution from both low-density, extended and warm, io-
nized HII regions is thought to be negligible on galactic scales. This is demonstrated
from the relation between the observed [NII] emission with the [CII] intensity. With an
ionization potential for neutral N (14.53 eV) a bit higher than for H (13.6 eV), the [NI11]
emission in a galaxy is particularly found in ionized HII regions. Because of the non-
linearity in this relation, the warm ionized HII regions are only considered important
at high [CI1] intensities.
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2.2 Investigating the reliability of [CII] as a SFR tracer

2.2.1

Sample selection

The selection is based on the galaxy sample in Brauher, Dale & Helou (2008), who
assembled all galaxies with available [CI1] data from the ISO archive. More specifically,
we restrict our sample to those galaxies for which the [CII] line fluxes do not corres-
pond to upper limits (i.e. non-detections) and which are classified in this analysis as
unresolved in the far-IR with respect to the ~ 75" ISO LWS beam. This latter criterion
implies that an aperture correction is not required for the [CII] line flux. Although
a substantial fraction of the flux from an on-axis point source is diffracted out of the
aperture beyond the diffraction limit at about 110 ym for all LWS detectors, these losses
will be cancelled out in the calibration process, provided it is applied to point sources
observed on-axis (Gry et al., 2003).

From this sample of 153 unresolved galaxies, we retain all galaxies that have been
observed in both GALEX FUV and MIPS 24 ym bands, which gives us a final sample
of 39 unresolved galaxies.

Some galaxies have multiple [CII] data, corresponding to apertures taken at different
positions. For every galaxy, we only include one data point, preventing the introduc-
tion of any bias in our sample. If the different apertures show some overlap in area, we
choose the aperture corresponding to the [CII] flux with the smallest uncertainty. If the
overlap is insignificantly small, we add all fluxes from the apertures taken at different
positions. The fluxes from the different apertures for the GALEX FUV and MIPS 24
pm are summed accordingly. This kind of flux summation has only been applied for
two galaxies in our sample: NGC 4651 and NGC 7217.

Since FUV data are affected by galactic extinction, we have to apply appropriate cor-
rections. At a galactic latitude b = 11.°2 (Clements, 1983), NGC 1569 suffers from a
large amount of Galactic extinction. Inconsistencies among the different reported esti-
mates for the V-band extinction (e.g. Ay = 1.79, Israel 1988; Ay = 1.61, Devost, Roy &
Drissen 1997; Ay = 2.32, Schlegel, Finkbeiner & Davis 1998), made us decide to remove
NGC 1569 from our sample, considering we want to avoid the introduction of any bias.
This reduces our sample to 38 galaxies.

Table 2.1 gives an overview of all relevant information for our sample galaxies. We
arranged their properties as follow:

e Column 1: galaxy name, NGC, IC, CGCG, UGC or IRAS, for the sample galaxies.
e Column 2: distance [Mpc], derived from the Nearby Galaxies Catalogue (Tully,
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1988) and for other galaxies, from their recession velocity (from NED) assuming
Hyp=70km s~ Mpc~1.

e Column 3: morphological type, adopted from de Vaucouleurs (1991).

e Column 4, 5: classification of the nuclear spectrum: HII or starburst, LINER,
Seyfert (1 or 2), and the corresponding references for this classification.

e Column 6: f,(60pm)-to-f,(100um) ratio of the IRAS fluxes, a proxy for the effec-
tive dust temperature.

e Column 7: Total-IR luminosity [erg/s], as calculated from equation (5) in Dale &
Helou (2002).

Data processing

Far-ultraviolet (FUV, A=1539A, AA=442A) observations of galaxies in our sample have
been obtained from the GALEX GR4/5 public release. In order to derive accurate FUV
photometry we only used fields with integration times greater then 800 sec, obtained as
part of the Nearby Galaxy Survey, the Medium Imaging Survey or Guest Investigator
programs (70 galaxies from our unresolved sample of 153 galaxies have been observed
by GALEX). We performed aperture photometry on the intensity maps produced by
the standard GALEX pipeline. Details about the GALEX pipeline can be found in Mor-
rissey et al. (2007). The GALEX FUV data have been corrected for galactic extinction
according to Schlegel, Finkbeiner & Davis (1998), using the extinction relation obtained
from Cardelli, Clayton & Mathis (1989).

The 24 micron images were created from raw data produced by the Multiband Ima-
ging Photometer for Spitzer (MIPS; Rieke et al. 2004) on the Spitzer Space Telescope
(Werner et al., 2004). The raw data were taken by a variety of programs using either
the photometry mode (which produces 5 times 5 arcmin maps) or the scan map mode
(which produces images that are typically 1 degree in length). We used the MIPS Data
Analysis Tools (Gordon et al., 2005) along with additional processing steps to produce
the final images. The individual data frames were processed through droop correction
(to remove excess signal in each pixel proportional to the signal in the entire array),
non-linearity correction, dark current subtraction, scan mirror position-dependent and
position-independent flatfielding, and latent image removal steps. Background emis-
sion from the zodiacal light and additional scattered light that is related to the scan mir-
ror position is then subtracted out. For objects observed in the scan map mode, the data
from separate astronomical observation requests were used to make mosaics taken at
individual epochs. These images were then subtracted from each other to identify as-
teroids, and the regions with asteroids were then masked out. Preliminary mosaics of
each object were made using all data for each object to identify pixels in individual
frames with values that are statistical outliers compared to other co-spatial pixels in
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other frames. These pixels were masked out, and then final mosaics were made using
an image scale of 1.5 arcsec pixel ~!. Any residual background in the images was mea-
sured in multiple regions surrounding the optical disc and was then subtracted from
the image. The final images are then calibrated using the conversion factor given by
Engelbracht et al. (2007), which has an uncertainty of 4%. The FWHM of the PSF is 6
arcsec (Spitzer Science Center 2007).

Flux determination

We determine GALEX FUV and MIPS 24 ym fluxes within the same aperture as the
~ 75" ISO LWS beam. Variation in the shape of the point spread function used by the
different instruments should not be an issue, as the necessary corrections have been
applied through the calibration on a point source.

The GALEX FUV and MIPS 24 um fluxes were determined using the source-extracting
code SExtractor (Bertin & Arnouts, 1996). To align the apertures with the exact same
position at which the [CII] fluxes were determined, we have created a fake object in
IRAF (using the task mkobjects) at the same position coordinates of the actual pointing
of the [CII] observation. Feeding SExtractor with this artificially created map and the
FUV or 24 ym image, assures us that the FUV and 24 ym fluxes are extracted within
the same area on the sky as the [CI1] fluxes.

Table 2 summarizes all relevant published data and measured fluxes within the ~ 75"
ISO LWS beam for the analysis in this thesis. Summing up:

e Column 1: galaxy name, NGC, IC, CGCG, UGC or IRAS, for the sample galaxies.

e Column 2, 3: Actual pointing position: right ascension (RA) and declination
(DEC) from the [CII] observation, both in decimal degrees (from Brauher, Dale
& Helou 2008).

e Column 4: [C11] line flux, in [fW/m?2], and the uncertainty on this flux measure-
ment (from Brauher, Dale & Helou 2008).

e Column 5: GALEX FUV flux, [m]y], and the corresponding uncertainty. Both va-
lues have been corrected for galactic extinction, according to Schlegel, Finkbeiner
& Davis (1998) and Cardelli, Clayton & Mathis (1989).

e Column 6: Spitzer MIPS 24 um flux, [m]y], and the corresponding uncertainty,
including both uncertainties in the flux extraction (< 2%) and the calibration (4%,
Engelbracht et al. 2007).

Spectral classification

Considering we will calibrate the [CII] luminosity against the SFR, derived from either
the corrected FUV flux (for which the attenuation correction is based on IR data), 24
pum data or TIR luminosities, we have to make sure that the star-forming regions are
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Name Distance Type! Spectral type  Ref? IRAS60 /IRAS100  log Ltr
(Mpc) log (erg/s)

@ @ ®G (&) 6 () @
Cartwheel 129.3 RING Hii/sb no® 0.46 44.30
NGC 0520 27.8 Pec Hii/sb 3 0.66 44.41
NGC 0625 3.9 SB(s)m? edge-on Hii/sb 1 0.56 42.08
NGC 0660 11.8 SB(s)a pec LINER 1,23 0.64 44.03
NGC 0695 139.1 S0? pec Hii/sb 2 0.58 45.28
NGC 0986 23.2 SB(rs ab Hii/sb 4 0.49 44.32
UGC 02238 92.3 Im? LINER 2 0.54 44.92
NGC 1156 6.4 IB(s)m Hii/sb 3 0.50 4248
NGC 1266 31.3 (R") SB(rs) OAO pec: LINER 1,2 0.81 44.07
NGC1275 75.2 Pec Seyfert 1,3 1.02 44.49
NGC 1317 16.9 SAB(r)a Hii/sb no 0.34 43.28
NGC 1569 1.6 IBm Hii/sb 3 0.98 42.15
IRAS 05189-2524 182.3 Seyfert 1,2 1.20 45.74
UGC 03426 57.9 S0: Seyfert 1 112 44.58
NGC2388 59.1 s? Hii/sb 2 0.67 44.83
NGC 4041 22.7 SA(rs)bc: Hii/sb 3 0.41 44.06
NGC4189 16.8 SAB(rs) cd? Hii/sb no 0.34 43.24
NGC 4278 9.7 El-2 LINER 3 0.36 42.09
NGC 4293 17.0 (R) SB(s) 0/a LINER 3 0.44 43.32
NGC 4299 16.8 SAB(s)dm: Hii/sb no 0.33 43.17
NGC 4490 7.8 SB(s)d pec Hii/sb 3 0.60 43.51
NGC 4651 16.8 SA(rs)c LINER 3 0.35 43.44
NGC 4698 16.8 SA(s)ab Seyfert 1,3 0.31 42.65
1C4329A 68.8 SAOA+: edge-on Seyfert 1 1.22 44.59
NGC5713 30.4 SAB(rs)bc pec Hii/sb 4 0.57 4443
CGCG 1510.8+0725 55.7 Seyfert 6 0.66 44.76
NGC 6221 19.4 SB(s)c Seyfert 1 0.50 44.37
NGC 6240 104.8 10: pec LINER 1,2 0.82 45.43
IRAS 19254-7245 264.3 Seyfert 1,5 0.95 45.68
NGC 6810 253 SA(s)ab: Seyfert 4 0.52 44.28
IRAS20551-4250 184.1 Seyfert 1,54 1.29 45.55
NGC7217 16.0 (R)SA(r)ab LINER 1,3 0.27 43.46
NGC 7469 69.9 (R")SAB(rs)a Seyfert 1,2 0.74 45.25
TRAS23128-5919 191.0 Seyfert 1,5° 0.98 45.58
NGC 7552 19.5 (R")SB(s)ab Hi/sb 1 071 4454
NGC 7582 17.6 (R")SB(s)ab Seyfert 1 0.67 4425
NGC7714 36.9 SB(s)b: pec Hii/sb 1,2 0.90 44.31
IRASF23365+3604 276.2 Seyfert 1 0.84 45.74
NGC7771 61.1 SB(s)b: pec Hii/sb 2 0.49 45.00

Table 2.1: Properties for the galaxies in our sample.

! The galaxy type has been adopted from de Vaucouleurs (1991). If no galaxy type is mentioned, there
was no classification available in the literature.

2 The references of the spectral type: 1: Véron-Cetty & Véron (2010); 2: Veilleux et al. (1995); 3: Ho,
Filippenko & Sargent (1997a); 4: Véron-Cetty & Véron (1986); 5: Risaliti (2004) 6: Baan & Klockner
(2006)

3 “no” indicates that no classification was found in the literature. These objects were classified in
the Hir/starburst group based on detected HII regions in their nuclei. The paragraph on spectral
classification discusses the classification for these galaxies more into detail.

4 Based on optical spectra IRAS 20551-4250 was classified as a starburst galaxy (Véron-Cetty & Véron,
2010), but according to L-band diagnostics a significant AGN contribution is present (Risaliti, 2004).

5 This galaxy has a pair of optical nuclei, which is probably a remnant of a merging process.
Véron-Cetty & Véron (2010) identified this galaxy as HII region, while Risaliti (2004) reported that
one nucleus shows AGN features and the other nucleus resembles a HII region. Since both nuclei
fall within the ISO LWS beam, we have classified this object as a Seyfert galaxy, based on the
AGN:-contribution from at least one nucleus.
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Name RA DEC [C11] GALEXFUV MIPS 24
(deg) (deg)  (fW/m?) (mJy) (mJy)
) () ®) (4) ©) (6)
Cartwheel 9.4171 -33.7239 0.15£0.02 1.980 £ 0.009 63.7 £2.7
NGC 0520 21.1458 +3.7950 2.83+0.07 0.787 £0.009 2139.3 +85.7
NGC 0625 23.7799 -41.4357 1.00£0.08 8.239 £ 0.016 776.0 £ 31.2
NGC 0660 25.7595 +13.6458 7.67 £0.19 0.386 +0.007 2889.9 &+ 115.7
NGC 0695 27.8091 +22.5825 2.04+£0.08 3.869+0.003  672.4+27.0
NGC 0986 38.3922 -39.0462 3.04 £0.11 0.964 £0.011  2355.9 +94.4
UGC 02238 41.5726 +13.0958 2.35+0.09 0.448 £+ 0.012 496.2 £+ 20.0
NGC1156 44.9271 +25.2375 156 £0.14 23.307 £0.115 447.1 +18.0
NGC 1266 49.0032 -24271 050 +£0.10 0.216 = 0.009 804.1 +32.3
NGC1275 49.9525 +41.5105 1.16 £0.07 4.766 +0.014 2814.7 +112.7
NGC1317 50.6862 -37.1027 091 £0.05 1.974 £ 0.013 207.2 £ 8.4
NGC 1569 67.7046 +64.8478 599 £0.16 105217 +0.314 6495.8 + 260.0
IRAS05189-2524 80.2558 -25.3624 0.14 £0.02 0.126 £0.004 2786.6 = 111.6
UGC 03426 93.9016 +71.0376 041 £0.02 0.662 +£0.020  2238.1 £ 89.7
NGC2388 112.2229 +33.8182 1.74+0.08 0.135+0.005 1585.2 + 63.5
NGC 4041 180.5501 +62.1363 348 £0.05 1.880+0.001  1159.7 + 46.5
NGC 4189 183.4465 +13.4240 094 £0.06 2.243 £+ 0.001 295.7 £ 12.0
NGC 4278 185.0276 +29.2824 0.25+0.03 0.883 +0.010 491+21
NGC 4293 185.3050 +18.3844 028 £0.02 0.111 +£0.003  520.1 +20.9
NGC 4299 185.4189 +11.5012 093 £0.09 8.996 & 0.030 2104 £+ 8.5
NGC 4490 187.6536 +41.6398 4.32+£0.11 10.248 £0.022 1394.8 £55.9
NGC 4651 190.9271 +16.3942 2.03 £0.08 4.048 +0.015 383.1 £ 155
NGC 4651 190.9442 +16.3972  0.50 £0.06  1.533 & 0.010 79.6 £3.3
NGC 4651 190.91 +16.3914 0.76 £0.09 1.732 4+ 0.010 88.0 3.6
NGC 4651 total from all positions 329 £0.13 7.314 £0.021 550.7 £ 22.2
NGC 4698 192.0969 +8.4875 0.13+£0.02 0.289 £ 0.004 349+15
IC4329A 207.3304 -30.3095 0.15+£0.02 0.073+£0.003 19453 £77.9
NGC5713 220.0478 -0.2905  4.68 +£0.13  4.061 +0.020  2144.6 +85.9
CGCG 1510.8+0725 228.3053 +7.2265 0.33+0.05 0.086+£0.004  514.3 +£20.7
NGC 6221 253.1913 -59.2167 6.64 £0.25 4.527 £0.063  4528.1 £+ 181.3
NGC 6240 253.2450 +2.4013 2.72+0.06 0.637 £0.004 2735.4 £ 109.5
IRAS 19254-7245 292.8400 -72.6319 026 £0.07 0.162 £ 0.005 1059.0 £ 42.5
NGC 6810 295.8915 -58.6556 3.83 £0.13 0.553 +0.010 2882.1 +1154
IRAS20551-4250 314.6116 -42.6518 0.41 £0.03  0.600 £ 0.006 1450.9 £ 58.2
NGC 7217 331.9775 +31.35833 0.66 +0.06  1.557 + 0.008 197.9 £ 8.0
NGC7217 331.95833 +31.35972 0.62 £0.07 1.331 £ 0.008 1852 +7.5
NGC7217 total from all positions 1.28 £0.09 2.888 £ 0.012 383.1 £ 155
NGC 7469 345.81417 +8.87361 227 +0.03 6.963 £0.020 44219 +177.0
IRAS23128-5919 348.9454 -59.0544 0.58 £0.05 0.557 £ 0.005 1242.2 £+ 49.8
NGC7552 349.045 -42.5844 637 £0.15 3.746 £0.011 9443.8 3779
NGC 7582 349.5988 -42.3703 412 +£0.13 0.900 +£0.006 5516.4 & 220.8
NGC7714 354.0612 +2.1550 1.83+0.10 7.893 +0.018 2131.7 =854
IRASF23365+3604 354.7554 +36.3528 0.16 £0.02 0.197 £0.006  585.2 +23.5
NGC7771 357.8534 +20.1119 298 £0.09 0.906 £ 0.012 1216.5 £ 48.8

Table 2.2: Sample galaxies: data

the dominant contributor to this IR emission. Therefore, we will classify our sample
according to their nuclear spectral classification (see Table 2.1). We have made three
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different subdivisions. The first subgroup encompasses all objects resembling features
typical of HII regions or starbursts. The second and third subset will include LINER
and Seyfert galaxies, respectively. For this spectroscopic classification, we mainly rely
on Véron-Cetty & Véron (2010), who have composed a compilation of AGN host gala-
xies. For the identification of the remaining sources and the objects with an uncertain
classification in Véron-Cetty & Véron (2010), we have adopted the classification based
on the optical spectra in Veilleux et al. (1995) and Ho, Filippenko & Sargent (1997a),
who both use similar selection criteria in their classification procedure. Additionally,
for some sources we used the classification from Véron-Cetty & Véron (1986). Consi-
dering that the optical spectroscopic classification for FIR-luminous objects not always
offers a clear distinction between starburst- or AGN-dominated nuclear activity, we
additionally examine spectrosco