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CHAPTER 1

Introduction, Summary and
Conclusions

EXTRAGALACTIC Megamaser emission from the hydroxyl and the water molecules was
first detected in the early eighties. They revealed a new class of maser emission with un-

expected isotropic luminosities of many magnitudes higher than their Galactic counterparts.
Galaxies that display this exceptional and so called Megamaser emission show enhanced core
activity in the form of a nuclear starburst or an active galactic nucleus. The maser properties
together with such nuclear activity indicate that the line radiation originates in the circumnu-
clear environment. Extragalactic hydroxyl (OH) has also been detected in some sources with
extreme broad absorption features, which may provide another crucial view into the circum-
nuclear environment of galactic nuclei. Recent observations at parsec-scale resolution reveal
a rather complex picture of the molecular environment in these nuclei, indicating that each
individual galaxy needs to be investigated separately at this resolution.
One part of the research here carried out makes use of very-long-baseline-interferometry in
order to investigate the OH emission and the OH absorption toward three individual galaxies
at parsec-scale resolution. Furthermore, detection experiments at various redshifts are per-
formed in order to increase the slowly growing data base of hydroxyl harboring galaxies. On
the basis of the compiled data sample, general properties of OH Megamaser sources are still
subjects of current research and may be compared with the properties of galaxies showing OH
in absorption. In addition, the general physical characteristics of the exceptional OH emis-
sion are still barely understood and have been investigated using the general properties of the
host galaxies. Finally, a model of the geometric structure of the circumnuclear environment
tracing the OH emission has been developed and some first results are presented.

Hans–Rainer Klöckner and Willem A. Baan
partially published:

JENAM 2002; A “CLEAR” VIEW OF THE NUCLEUS: THE MEGAMASER PERSPECTIVE
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1.1 Basics

1.1.1 Maser Emission in General

Maser emission and the theoretical concept of maser activity were firstly developed and dis-
covered as a laboratory application. The term maser is an acronym, standing for “Microwave
Amplification by Stimulated Emission of Radiation” (the general known laser is the same
except that “light” replaces “microwave”). The microwave radiation in a maser is amplified
to form a strong beam, where the nature of the amplification lies in a snow ball or domino
effect. In general, spectral emission lines are produced when an atom or molecule is placed
into an excited state, a state of higher energy. The de-excitation of a series of these atoms or
molecules creates photons of specific wavelength and results in spectral line emission. But
it is impossible to predict when a single atom or molecule of a large ensemble will emit a
photon. Therefore, spontaneous emission leads to photons emerging at random and incoher-
ently, but these photons can excite atoms or molecules while traveling through the interstellar
medium. In the interstellar medium the only way that such emission can be detected is the
lucky case that one observes a large amount of atoms or molecules, which together result in a
measurable signal. But there is a way to induce the molecules to emit sooner, and more pre-
dictably. If a beam of radiation with exactly the same wavelength as the spectral line passes
by, it can stimulate an excited molecule to emit right away and add its photon to the beam, ef-
fectively amplifying it (see figure 1.1). This effect becomes dramatic if an anomalously large
number of molecules are in the excited state. Then the whole group of molecules behaves
like a row of dominoes, all falling in step, and the result is a concentrated beam of radiation
at uniform wavelength. This effect, as already mentioned, has been firstly discovered in an
artificial environment of non-thermal equilibrium in the laboratory and afterwards it became
clear that in space these places of non-equilibrium environments are quite natural.

1.1.2 Origin of Galactic Maser Emission

The first detections of mysterious microwave emission lines were made toward several HII
regions, with known hydroxyl (OH) absorption lines. These lines showed rather unusual
properties that could not be explained by the authors at the time (Weaver et al. 1965). Shortly
after these observations the lines were interpreted as maser emission, which provided a
possible explanation of the emission process and the extreme brightness temperatures, the
polarization, and the line ratios (Perkins et al. 1966). Till now several molecular species have
been found to exhibit maser emission (see table 1.1) and have provided crucial information
on the maser environment itself and on the dynamics of the local surrounding medium.
Maser emission can serve as an accurate tool to determine distances, independent from the
known distance ladder based on proper motion, or phase lag measurements (Genzel et al.
1981; Herman & Habing 1985), and to determine magnetic field strengths by using the
Zeeman effect (Reid & Silverstein 1990).
Places where maser emission has been detected in the Galaxy are star-forming regions,
planetary nebulae, circum-stellar disks, and stellar envelopes, where they help reveal the
physical conditions of the surrounding medium at scale sizes ranging from astronomical
units up to hundreds of parsecs. Most research has been done on the classical masering
molecules H2O and OH in the Galaxy as well as in extragalactic sources. The investigations
made here are using OH emitters and one OH absorber, which also displays H2O Megamaser
emission. The following sections will review the properties of the Galactic maser emission
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Figure 1.1 − The principle pumping and amplification of maser emission. The displayed scenario
represents a 3-level maser, where the overpopulation of an excited level is produced via pumping to an
energetic higher level (left panel). The life time of the pumped level is relatively short and de-excitation
to the energetic intermediate level with a longer lifetime takes place almost immediately, which results
into an overpopulation of that state. In a cloud, when a photon hits an atom or a molecule that is in
such an excited state, the photon can de-excite this state, triggering the emission of another photon
moving in the same direction. This amplification process can lead to intense radiation. As long as the
pumping process is efficient enough to produce excited molecules along the path of the emerging maser
emission, so that the numbers of photons along that path continuously increase, such maser emission
is called unsaturated. This scenario is shown in the right panel. Once the pumping is inefficient, the
receiving maser photons exceed the number of molecules in an excited state and therefore are not able
to trigger additional stimulated emission. Such photons are lost in the maser process and the maser is
called saturated. Note that the astronomical nomenclature is the opposite of that used in the labratory
for saturation of maser emission (Reid & Moran 1988).

in order to find connections with its extragalactic counterpart.

Hydroxyl maser emission has been detected at several rotational levels, but in particular the
ground state transitions, where most of the research has been done, comprises four maser
lines: the satellite lines (1612 and 1720 MHz) and the main lines (1665 and 1667 MHz). In
addition, the hydroxyl emission in galactic sources displays anomalous line ratios as com-
pared to the line-ratios of 1-1-5-9 (1612 MHz, 1720 MHz, 1665 MHz, 1667 MHz) seen in
regions at LTE (local thermodynamic equilibrium) conditions. Furthermore, the spectra of
the satellite lines and the 1665 MHz main line observed in starformation regions are often
complicated by a general lack of spatial resolution. Within the sample of starformation re-
gions 1612 MHz masers are often associated with late-type stars, whereas the 1720 MHz
maser lines are associated with supernova remnants (Caswell 1999). The OH satellite maser
lines in stellar envelopes display enhanced 1612 MHz emission and weak polarization. These
Type II stars∗ are mostly late-type stars showing moderate to large infra-red excess indicating
the presence of a thick, dusty envelope. Stars with main-line emission (Type I) are grouped
predominantly with steeper infrared colors (Olnon 1977), and the dominant 1665 MHz lines
suggest a larger dust spectral index and a distinct dust composition (Elitzur 1992a). In con-
trast to stellar maser lines, the 1665 MHz OH main-line is pronounced toward HII/OH regions
(e.g. the strongest OH emission is found in W3(OH), a prototype HII region) and displays
enhanced and polarized emission in combination with weak 1720 MHz satellite emission (see

∗Historically Type I stars display the main lines while Type II stars show the satellite lines.
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e.g. Elitzur 1992b; Argon et al. 2000; Caswell & Haynes 1983).
The maser spots in HII/OH regions are located on the circumference of the associated HII

region and the environment traced by the masers is the post-shock envelope of an expanding
and compressed shell (Elitzur & de Jong 1978). Such masers are part of a short-lived phase
(104 years) in the early evolution of HII regions. Although the maser line ratios are quite
different in all of these environments, it is most likely that OH is radiatively pumped by
the infra-red radiation field (e.g. Elitzur 1992b). The only exception would be the enhanced
1720 MHz emission line, which has been the least commonly observed and which is an
indicator for interactions between supernova remnants and molecular clouds. The current
excitation models show that C-shocks (≤ 50 km s−1) can produce OH 1720 MHz maser
conditions by collisional pumping (Lockett et al. 1999).

The water vapor masers at 22 GHz have been found in similar sources as the hydroxyl masers,
but the emission features are spatially separated from the OH. Model calculations and obser-
vations show that the 22 GHz line is not unique and that more transitions can have inverted
level populations (e.g. 321 GHz sub-mm maser, Menten et al. 1990). H2O masers are de-
tected towards many starformation regions and there is an excellent correlation between the
occurrence of compact HII regions and H2O maser emission. Nevertheless, their morphol-
ogy is quite complex with several regions comprising many maser features without revealing
a clear underlying structure. Furthermore, the maser emission is always separate from and not
physically related to the HII/OH regions itself; instead it is associated with molecular mass
outflow and newly formed stars (Reid & Moran 1981). The HII region W49N displays the
strongest Galactic water vapor emission with a total luminosity of around 1 L� and individual
maser spots of maximal 0.08 L� emissivity (Walker et al. 1982). In the stellar environments
H2O masers have also been frequently detected in association with OH emission but in a typ-
ically 15–50 times smaller stellar envelope. A similar appearance in the spatial distribution
of these molecules has also been seen in Active Galactic Nuclei (AGN) of galaxies, where
the H2O emission is placed within a few parsecs of the center and the OH emission is located
in a region of up to a few hundreds of parsec in size. The pumping mechanism of H2O in
the stellar envelopes is collisional excitation of the rotational levels, which relates the stellar
mass loss rate to the maser luminosity (Cooke & Elitzur 1985). The same pumping mecha-

molecule year of publication

hydroxyl OH 1965a

water vapor H2O 1969b

methanol CH3OH 1971c

formaldehyde H2CO 1971d

methylidyne radical CH 1973e

silicon oxide SiO 1974f

ammonia NH3 1982g

hydrogen cyanide HCN 1987h

Table 1.1 − Molecules exhibiting maser emission.
References: a – Weaver et al. 1965, b – Cheung et al. 1969, c – Barrett et al. 1971, d – Barrett et al. 1971,
e – Turner & Zuckerman 1973, f – Snyder & Buhl 1974, g – Wilson et al. 1982, and h – Guilloteau
et al. 1987.
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nism also plays a role in star forming regions in a post J-shock (> 50 km s−1) environment
in comparison to the C-shock environment at lower velocities for the OH 1720 MHz line
(Elitzur 1992a).

1.2 Summary

1.2.1 OH and H2O Extragalactic Megamasers at Galactic Scales

Galactic masers are found to be signposts of starformation and the detection of the first ex-
tragalactic H2O and OH maser-emission in the late seventies made it clear that this emission
mirrors the known galactic counterparts. These extragalactic maser features show slightly
higher luminosities and were associated with HII or starformation regions displaced from the
galactic centers (e.g. M 82, NGC 253, M 33). Soon after a new sort of extragalactic maser
emission was discovered toward the nuclear regions with isotropic luminosities of six or more
orders of magnitudes higher than the Galactic sources. The luminosity and the exceptional
line width suggested that this emission traces the circumnuclear environment and exposes the
nuclear properties (H2O: Dos Santos & Lepine 1979, OH: Baan et al. 1982).
The investigations of this thesis are based on OH emitters and on one particular OH
absorber, which also shows H2O Megamaser emission. Therefore, where appropriate the
characteristics of H2O emitters are also taken into account. A general comparison of both
types of Megamaser galaxies can only be done indirectly because the OH and H2O masers
do not occur in the same galaxies, except for the case of one non-nuclear detection of OH
emission in the H2O-MM galaxy NGC 1068 (Gallimore et al. 1996). Since the discovery
of extragalactic Megamaser galaxies tremendous efforts have been undertaken to search
for galaxies exhibiting hydroxyl and water vapor features. In particular, the observations
to detect extragalactic hydroxyl were based on the infrared properties of several galaxy
samples with a detection rate of only a few percent (Darling & Giovanelli 2002a; Baan et al.
1992a; Staveley-Smith et al. 1992; Norris et al. 1989; Garwood et al. 1987; Schmelz et al.
1986). Such low detection rates are indeed consistent with the characteristic space density,
determined by the luminosity function of OH Megamaser sources as compared with lumi-
nosity functions of galaxy samples selected on the basis of their infrared characteristics (see
chapter 3). In chapter 2 detection experiments have been carried out with the “Westerbork
Synthesis Radio Telescope” for several galaxy samples, at various redshifts and with strong
infrared emission, in order to detect OH in emission or absorption. No new detection of
hydroxyl in absorption or emission has been found in these samples. In addition to the
detection measurements, observations of known OH galaxies have been performed in order
to confirm unpublished maser emission properties. Surprisingly these observations show that
some of the previous claimed OH galaxies do not show OH and in one particular case, the
observations revealed OH in absorption rather than the claimed emission.

The typical spectroscopic signatures of both types of Megamaser emission are quite distinct
as displayed in figure 1.2. The extragalactic H2O spectra are made up of emission in one
transition (J = 616–523, 22 GHz) just like the galactic sources. On the other hand the extra-
galactic OH spectra are made up of two main transitions of the hyperfine levels in the state
2Π3/2 with J = 3/2 (1667 MHz & 1665 MHz), which are distinctly different. For exam-
ple, the extragalactic 1667 MHz main-line emission is found to be enhanced relatively to the
1665 MHz line and is unpolarized, which is different from Galactic sources (Killeen et al.
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Figure 1.2 − Representative spectra of two individual Megamaser galaxies. Left: A spectrum of the
OH Megamaser emission in Mrk 273 observed with the WSRT interferometer. Right: A spectrum of
H2O maser emission in NGC 4945 observed with the Parkes radio telescope of the CSIRO (Greenhill
et al. 1997). The velocity spread is shown relative to the systemic velocity of the galaxy as indicated by
the vertical bar.

1996). The OH spectra show a continuous (smooth) emission profile with a velocity width
of up to thousands of km s−1, sometimes with overlapping OH main-lines. The H2O Mega-
masers show distinct and narrow emission features spread over an equivalent velocity range.
A similar spectral distinction between the OH and the H2O maser emission is also found
for stellar maser emission (Elitzur 1992b). Furthermore, the spectra of H2O Megamasers are
made up of predominantly narrow line components (typical line widths of 1.5 km s−1; M 33),
while the spectra of OH Megamasers may result from (many more) broader components (typ-
ical line widths of 10 km s−1; M 82). In addition, the emission of strong H2O Megamasers
also shows distinct line features which flare on shorter than the dynamical timescales of the
kinematic structure seen in these sources. For the Megamaser emission, the specific charac-
teristic of the individual maser features has been investigated in chapter 7, where a model
has been developed to investigate the geometric distribution of individual maser clouds in
a circumnuclear environment. In order to reproduce the smooth spectrum seen towards OH
galaxies the particular clouds need to be extended with broader velocities profiles, whereas
the spiky H2O spectra could be reproduced by less turbulent maser clouds.

It is believed that the H2O and the OH Megamaser galaxies show in general a distinct
morphology. While the H2O Megamasers are mostly related to early- to late-type spiral
galaxies (Braatz et al. 1997), the OH emitters show peculiar and irregular structures and it
has been speculated that they may mark a specific event in the scenario of merging galaxies.
In the case of the hydroxyl galaxies, the general assumption of a distinct morphology has
been reviewed and discussed in chapter 3. Survey data of a few arcsec resolution in the
optical can not confirm in general such distinct morphology of OH Megamaser galaxies.
In particular, almost half of the OH Megamaser galaxies show irregular or multiple source
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morphology, whereas the other half remain unresolved point sources. Nevertheless, studies
of the luminosity function show the first evidence that these galaxies are most likely
associated with merging galaxies and would therefore show irregular morphology. This
evidence has been presented by comparing the luminosity functions in the infrared and in the
radio of OH and infrared sampled galaxies, where a systematic change of the characteristic
luminosities indicates that OH Megamaser sources trace a specific state of merging galaxies,
where, at constant space density of such galaxies, the mass content is converted to enhance
the stellar production (see chapter 3).

The total energy release in both types of Megamaser galaxies is displayed in figure 1.3,
which shows a slightly different spectral energy distribution (SED) going from radio-to-
optical wavelengths. The SED of the OH emitters displays the tightest distribution, which
suggests a rather uniform emission mechanism. A comparison of the optical and infra-red
emission components of OH and H2O sources shows that the hydroxyl galaxies have most of
their emission in infrared bands, whereas the H2O galaxies emit similar amounts of energy
in the optical and infrared regimes. The energetic signature of OH-MM galaxies mimics a
typical starforming region with thermal free-free emission in the radio and enhanced dust
emission with temperature of about 60 K in the infrared. The infrared luminosity in these
sources is exceptionally high, which makes them a sub-sample of the ultra-luminous infra-
red galaxies (see chapter 3). The equal energy release in the optical and infra-red bands of
the H2O Megamaser galaxies and the larger spread in data points may reflect a lower dust
content of these galaxies and a possible different nuclear power plant. This is also indicated

Figure 1.3 − Spectral energy distribution of the integrated OH (left panel) and H2O Megamaser sam-
ples. The emission at each band from every galaxy has been plotted into one frame in order to display
the general energy release of the Megamaser galaxies. The frequency range covers seven magnitudes
starting in the radio, to the infra-red, up to the visible regime, whereas the vertical lines indicate the
boundaries between these regimes. Note that the H2O Megamasers are found at lower redshifts and
have therefore higher fluxes over the entire frequency range than the OH galaxies.
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by the radio luminosity function of a few OH galaxies (see chapter 3). At highest radio pow-
ers this luminosity function can not be explained by a Schechter function, which indicates a
more dominant non-stellar radio component from a nuclear outflow possibly blowing away
the dusty environment. This scenario would be supported by results from previous galaxy
samples in that particular luminosity range for which the nuclear power plant is determined
to be a monster (Condon & Broderick 1988). Unfortunately only few galaxies have been clas-
sified optically in order to determine the dominant nuclear energy source of the Megamaser
galaxies, the results are presented in table 1.2. The general trends seen from the galactic SEDs
and the radio-to-infrared ratio, investigated in chapter 3, are in agreement with these classi-
fications; the majority of the hydroxyl emitters shows dominant starburst (SBN) phenomena
and the water vapor masers are mostly related to Seyfert 2 type nuclei (AGN).
Although the nature of the OH Megamaser emission has been barely studied so far, it has be-
come clear that the extreme infrared radiation field seen towards the host galaxies is thought to
provide the radiative pump for this exceptional maser emission (for principles of the pumping
process see figure 1.1 and for general information on Megamaser emission Baan 1989). In or-
der to test if the infrared pump can produce the general characteristic of enhanced 1667 MHz
to 1665 MHz main line emission, the infrared pumping has been evaluated by solving the
steady state rate equation for the first 36 ground levels of the hydroxyl molecule in chapter 3.
In general, the characteristic of extragalactic Megamaser emission with stronger 1667 MHz
line with respect to the 1665 MHz line can be explained by the infrared emission of a sin-
gle black body temperature, but does not correlate clearly with the infrared emission of each
individual galaxy and the measured line properties.

hydroxyl water vapour
classified / published 31/100 16/30

SBN 16 1
LINER 9 5
Seyfert 2 5 10
Seyfert 1 1 0

Table 1.2 − Nuclear activity of Megamaser galaxies. A compilation of the spectroscopic classification
of the OH and H2O Megamaser sample in the optical (Baan et al. 1998; Greenhill 2001; Maloney 2002).

This result is not unexpected because line-of-sight effects and systematic errors have not
been taken into account and therefore certainly play a crucial role in interpreting the nature
of the maser emission in these sources. Hereby the systematic errors can occur by comparing
the observed optical depth of these galaxies with the calculated optical depth from the
infrared emission, which are determined in a slightly different way. In chapter 3 the different
estimates have been reviewed and systematic errors in the determination of the optical
depth are discussed. Nevertheless, the estimated line properties provide some first clues on
the nature of the maser emission process itself. In combination with the results from high
resolution observations, which will be discussed in the following section, the line properties
provide strong evidence that most of the extragalactic OH Megamaser emission is produced
by an unsaturated maser process.
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1.2.2 Nuclear Composition of Megamaser Galaxies

Most of the current knowledge about the nuclear composition and the three-dimensional
structure of the different components in galactic nuclei comes from spectroscopic observa-
tions of the atomic or molecular gas phase. Active-galactic-nuclei, which often out-shine the
rest of their host galaxies, are generally accepted to be powered by the release of gravita-
tional energy in a compact accretion disk surrounding a massive black hole (on sub-parsec
scales; Rees 1984). Furthermore, the accretion disk is the base of relativistic and bipolar out-
flows of material into two symmetric jets which may range up to mega-parsec size scales. To
keep these nuclear engines alive a constant mass supply is needed through the accretion disk
and from the outside. This reservoir of material is thought to be associated with a nuclear
torus or thick disk. The resulting non-isotropic distribution of material around the central
region, is generally believed to be the key in unifying the observed nuclear emission char-
acteristics, within the unification scheme of AGN. The finest evidence for an extragalactic
super-massive black hole in the universe has been indicated by the observation of the H2O
Megamaser source in NGC 4258 (Greenhill et al. 1995). Since then work on finding such ex-
ceptional emission and on tracing the nuclear region with highest spatial resolution possible
has been started and continued.

So far, only a small fraction of the Megamaser galaxies has been observed with very-long-
baseline-interferometry (VLBI; for OH sources see table 1.3 and for the nine H2O sources
see Maloney 2002). These observations of the nuclear region reveal a more complex picture
for the continuum and the maser emission in the galactic nuclei. A clear signature of the
types of accretion dominated nuclear engines has not been obtained for most of the OH
Megamaser galaxies. Since these galaxies show great evidence of obscuring material toward
the central region, these galaxies could still harbor either a powerful, but heavily obscured
or less powerful unobscured nuclear power plant which is not embedded in the obscuring
material. Even combinations with nuclear starbursts can not be ruled out. One way to trace

source dist [Mpc] 1 mas [pc] instrument

IC 694 (Arp 229) 42 0.20 EVNg, MERLINj

Arp 220 73 0.35 VLBIb

III Zw 35 111 0.54 VLBIc, VLBAd, EVNe

IRAS 10039−3338 137 0.67 VLBAl

Mrk 273 154 0.74 EVN , MERLINh,i

Mrk 231 172 0.83 EVNf , MERLINh

IRAS 17208−0014 175 0.82 VLBIc

IRAS 10173+0828 194 0.94 EVNo

IRAS 12032+1707 910 4.41 VLBAk

IRAS 14070+2505 1118 5.42 VLBAk

Table 1.3 − Recently observed OH Megamaser galaxies at milli arcsecond (mas) resolution.
The distance is determined by assuming q0 = 0.5 km s−1 and H0 = 75 km s−1 Mpc−1.
References: b – Lonsdale et al. 1998, c – Diamond et al. 1999, d – Trotter et al. 1997, e – Pihlström
et al. 2001, f – Klöckner et al. 2003, g – Klöckner & Baan 2001, h – Richards et al. 2000, i – Yates
et al. 2000, j – Polatidis & Aalto 2000, k – Pihlström et al. 2003 in prep. l – Rovilos et al. 2002
o – Klöckner et al. 2004 in prep.
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such engines is to use the maser emission to reveal the kinematic information on the nuclear
region up to sub-parsec scales. The investigations made here are based on observations at
high spatial resolution in order to reveal information on the line and continuum emission
structure of the nuclear region of two OH emitters (chapter 4 and 5) and one OH absorber
(chapter 6), which is known to show also H2O-Megamaser emission.

Since the first observations of OH Megamaser sources, it has become clear that at such
high resolution the OH emission reveals characteristics of the individual maser features (Di-
amond et al. 1989). Whereas at parsec resolution individual H2O emission features remain
unresolved only up to 50 % of the hydroxyl maser emission has been detected in less compact
regions of up to a few hundreds of parsec in extent (Lonsdale et al. 1998). In general, the
strongest line emission features are dominated by 1667 MHz main-line emission, while the
1665 MHz line tends to be mostly resolved at highest spatial resolution. The emission itself
shows a rather poor association with the continuum emission, as would be expected for the
classical OH Megamaser model (Baan 1989). This may tell us something about the pumping
efficiency within the individual emission regions or indicates systematic and observational
effects, which have been discussed in chapter 3.

The two OH-Megamaser sources studied here established these general characteristics.
The source Mrk 231 shows a rather irregular structure at larger scales and strong non-stellar
radio emission (chapter 4). High resolution observations of this unique Seyfert 1 nucleus
in the sampled Megamaser galaxies shows a first example of obscuring material at several
tens of parsec from the nuclear core, which has been suggested by theoretical work (Krolik
1999). Furthermore, the observations in Mrk 231 show extended OH emission on scales of
a hundred parsecs in a half-circular shape straddling the nuclear radio source. The emission
reveals a rather smooth environment across the whole region with LTE OH main-line ratios
and suggests optically thin and unsaturated maser emission (Klöckner et al. 2003). Modeling
suggests an inclined thick disk or torus of about 200 pc in size, which would provide high
enough column densities to account for the observed obscuration and for the maser emission
toward an active nucleus.

A morphologically typical OH Megamaser galaxy is Mrk 273, showing an irregular struc-
ture and clear evidence of a merging scenario with multiple nuclei (chapter 5). The nucleus
in this system at which the OH has been detected, shows a completely different nature for
the power plant, where the OH emission provides an extreme view into the circumnuclear
structure. At parsec resolution the continuum traces a starburst nucleus covering a region of
about 500 pc times 300 pc in extent, whereas the detectable OH emission only traces a small
fraction of this region. Apart from the overall kinematics of this nucleus, the OH emission
clearly traces the circumnuclear dynamics of a thick disk or torus of 108 pc that is embedded
into that larger starburst region. The orientation of this thick disk or torus is almost perpen-
dicular to the kinematic structure at this larger scale. The distinct velocity pattern at the center
of this embedded structure suggests a central binding mass of 1.39 ×109 M� (Klöckner &
Baan 2002). This line observation together with the radio continuum emission indicates the
combination of a nuclear starburst coexisting with either a heavily obscured or weak nuclear
power plant.

The OH absorber galaxy NGC 3079 is a nearly edge-on spiral galaxy, showing only
a moderate infrared excess as compared with OH Megamaser galaxies and a spectacular
nuclear outflow extending several kilo-parsec away from the nucleus (Cecil et al. 2001, and
references therein). Investigation of the circumnuclear environment of NGC 3079 traced by
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H2O Megamaser emission revealed a rather puzzling nuclear composition and hierarchal
structure. Where the maser emission in this nucleus showed a rather complex distribution of
individual maser features distributed both perpendicular and parallel to the alignment of the
nuclear continuum emission structure. Such a distribution is a rather typical characteristic
of H2O-MM sources, where the nuclear maser features are found to be associated with
accretion disks, while the maser components away from the center are associated with jets.
Both types show collisional pumping at temperatures of more than 250 K (Maloney 2002;
Kartje et al. 1999). Nevertheless, these H2O maser features together with the continuum
emission could not indicate the position of the nuclear center, which is highly discussed in
the literature. The OH absorption studied in chapter 6 helps to provide more insight into
this question. The spatial resolution of the observation is inefficient to reveal the underlying
structure of the continuum emission, but nevertheless the observed line emission shows a
pair of distinct line features, traced by both OH main-lines, that could reveal the nuclear
kinematics. The OH main-line ratios of the individual pairs show values close to the LTE
ratio of 1.8, which is expected to be seen for OH in absorption. It has been speculated that
in this nucleus there are two counter rotating disks that cause a rather unusual kinematic
signature (Sawada-Satoh et al. 2000). The kinematics traced by the OH absorption features
provides instead clear evidence that the OH is associated with the nuclear rotation and
outflow, which helps solving the puzzle of the circumnuclear environment seen by various
tracers in NGC 3079.

1.3 Conclusions and Prospects

After neutral hydrogen (HI) and carbon monoxide (CO) hydroxyl is certainly the most abun-
dant tracer available to investigate the extra terrestrial space. In emission or absorption, OH
has shown to provide a unique view on various environments such as stellar envelopes or
even close to the vicinity of the black hole in the nucleus of active galaxies. Thereby the OH
reveals essential clues in understanding the physical properties of the structures traced from
sub-parsec scales up to thousands of parsec in extent.

The studied extragalactic hydroxyl has been shown to provide such essential information
on the circumnuclear environment and its kinematics in three particular active galaxies that
could not be traced by other line transitions (chapter 4, 5, & 6). Furthermore, the appearance
of hydroxyl either in emission or absorption depends on the infrared temperature of the
host galaxies. This strong dependence can be explained by radiatively pumping of the OH
molecule and provide an essential tool for investigating the warm and cold dust phase in
these active galaxies. In conclusion, the majority of extragalactic OH Megamaser emission
emerges from an unsaturated maser process, where the maser process convert a small fraction
of the infrared pumping photons into maser photons (chapter 3 & 7).

The biggest disadvantage in the study of extragalactic OH is that the sample of such galaxies
is limited and is growing quite slowly. Apart from the main-line emission of the hydroxyl
molecule studied in this thesis, investigations of the satellite lines (Baan et al. 1989) and
of transitions of the molecule at higher excited states will have a strong potential to reveal
further insight into the extragalactic molecular environment in galactic nuclei (for a review
on masers and their various transitions see: Elitzur 1992a,b; Reid & Moran 1981). So
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far, the search for extragalactic hydroxyl is based on the infrared excess of the investigated
galaxies. This method may not be efficient enough in order to search for extragalactic OH,
therefore blind surveys covering a few degrees on the sky and covering a large spectral range
may provide a good alternative and should be considered for further investigations.

The use of OH Megamaser emission as an astronomical tool is in the current state almost lim-
ited to investigating the kinematics of the surrounding medium rather than providing an accu-
rate determination of physical quantities such as temperature or the magnetic field strength.
Therefore, theoretical modeling involving radiative transfer of the maser emission embedded
in a dusty environment remains one of the challenges for future investigations. Nevertheless,
essential for such studies are further observations of Megamaser galaxies tracing the emission
at parsec to kiloparsec scale sizes. Phase referencing†, which has been successfully used in
this thesis, is the best strategy to observe such weak emission structures in these galaxies. In
addition, for future investigations to study the OH emission structure, that is missed in the
current observations at parsec scale resolution (see table 1.3 for the particular spatial sensitiv-
ity), is the need of higher sensitivity rather than spatial resolution, that will be archived with
the new developed radio arrays in the near future. Furthermore, this emission structure may
provide important views of the nuclear region and have the potential to open a new field of
research by connecting the kinematics of the circumnuclear region with that at galactic size
scales.

†The method of phase referencing is used to calibrate radio observations of target sources with weak emission.
Therefore a source with stronger emission, the phase reference source, which may be separated a few arcsecond
from the target source, is in addition to the program-source observed within a cycle of a few minutes. The calibration
obtained from the phase-calibrator source serves then to calibrate the measurements of the program source.


