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After finishing his Ph.D., the detection
of OH in space became Alan Barrett’s
consuming goal. (...) I remember a
call I got during those years from Leo
Goldberg, (...). He was worried. Alan, he
fretted, wasn’t quite working out. “You
recommended him to us, but the only thing
he seems to want to do is this OH. But
is that ever going to get anywhere?” (...)
Nowadays, I put it right up there with the
21 centimeter line.

Out of How the Laser Happened from
Charles H. Townes, the nobel prize laure-
ate for Physics in 1964.



Cover:
The cover image displays a part of a face-on torus geometry that is traced by OH maser emis-
sion and is thought to be present in the nuclear region of an active galaxy. The calculation for
this structure is based on the program presented and discussed in chapter 7, where the color
code represents the line-of-sight column density. In order to produce this image the torus
geometry, with a maximal extent of 450 parsec, has been filled with about eleven thousand
randomly distributed OH clouds.
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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.



6 CHAPTER 1: Introduction, Summary and Conclusions

8

6

4

2

0

F
lu

x 
D

en
si

ty
 (

Jy
)

800700600500400300

Heliocentric Velocity (km s
-1

)

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.



CHAPTER 2

Search, Detection and Confirmation
of Extragalactic Hydroxyl

EXTRAGALACTIC hydroxyl (OH) has been shown to display the characteristics of the
circumnuclear environment of active galaxies. The OH, either as absorption or as maser

emission, traces the lower density component of the molecular environment in the inner kilo-
parsec of the nuclear region of such galaxies. So far only about one hundred galaxies are
known to exhibit this tracer and therefore the search for extragalactic OH and the study of its
general characteristics are still the main goals of current research.
The WSRT array has been used to detect OH in a sample of galaxies with enhanced infrared
emission and to confirm galaxies with previously detected hydroxyl in emission. The ad-
vantage of using the WSRT array is its robustness concerning radio frequency interference
(RFI) compared to single dish observations. Although the WSRT is less affected by RFI, the
band of the observed candidates is shifted close to the active service bands suffering form
RFI. Therefore an automatic editing and calibration procedure has been developed in order
to eliminate the influence of RFI and to produce an homogeneously treated data base of ob-
served candidates.

Hans–Rainer Klöckner, Edo Loenen, and Willem A. Baan
IN PREPARATION

partially based on a “Klein Onderzoek” project of
Edo Loenen supervised by Hans–Rainer Klöckner
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2.1 Introduction
Maser emission or absorption of the hydroxyl radical has been observed within our galaxy
since the mid sixties (Weaver et al. 1965), where it has been found to be a signpost of starfor-
mation and evolved stars. The first detection of extragalactic OH emission in the late seventies
made clear that this emission mirrors the known Galactic counterparts. Such maser features
with slightly higher luminosities than their galactic counterparts are associated with HII or
star-forming regions, which are displaced at the centers of galaxies such as M 82, NGC 253
or M 33. Soon after a new kind of extragalactic OH emission was discovered having isotropic
luminosities several orders of magnitude higher than galactic sources (Baan et al. 1982).

Observations of extragalactic hydroxyl has shown to be a perfect tracer to study the cir-
cumnuclear environment of galaxies with enhanced nuclear activity (Klöckner & Baan 2002).
At high spatial resolutions of around tens of parsec, which can be achieved using VLBI tech-
nique, it has been shown that the powerful maser action, with respect to other tracer, is dis-
tributed within the inner kilo-parsec region and is therefore an ideal tracer of the nuclear
kinematics (Klöckner et al. 2003; Pihlström et al. 2001; Diamond et al. 1999; Lonsdale et al.
1998). In these nuclei the structures traced by the OH range from tens to hundreds of parsec
in size, which in some cases is evidence for a nuclear disk or torus (Klöckner et al. 2003).
Like the emission, the OH main-lines in absorption have been also predominantly detected
towards the nuclear region of active galaxies and therefore the OH transitions in general pro-
vide crucial information about the nuclear composition, the dominant radiation fields, and the
physical nature of the nucleus.

Apart from tracing the nuclear kinematics, the properties of the hydroxyl main-lines and
satellite lines can provide a unique tool to estimate the physical properties of the molecular
environment, which has been successfully shown in a few extragalactic sources (e.g. Arp 220,
Centaurus A, NGC 1052: Baan et al. 1989; van Langevelde et al. 1995; Vermeulen et al.
2003).

2.2 Automated Data Reduction and Editing
Several reasons lead quite naturally to the wish of an automated reduction and editing proce-
dure. First of all, the enormous amount of time, which one has to spend on editing spectral
radio observations. Furthermore, the new DZB system at the WSRT observatory and the
capability to correlate up to 1024 spectral channel per polarization increases the amount of
time, which one has to spend even more. Secondly, the opportunity of observing the transi-
tion lines of all OH ground levels, ranging from 1612 MHz up to 1720 MHz, will produce
several independent data sets. In order to deduce from these observations essential informa-
tion about the line transitions, the datasets needs to be treated in a similar way. The L-band
at the WSRT site is not completely free from RFI and suffers from interference caused by the
IRIDIUM and the GLONASS satellite systems operating between 1600 and 1630 MHz. An
example of how this RFI could affect a single dish observation is shown in figure 2.1.

2.2.1 Data Reduction Procedures

The data reduction procedures (hereafter called LINE procedures) have been developed to
minimize the amount of time spend on flagging or editing of spectral measurements of an
interferometer array. In order to optimize the final data calibration, an iterative process is
carried out between data editing and calibrating. Since for UV datasets editing and calibration
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Figure 2.1 − Influence of RFI caused by GLONASS on the autocorrelation spectrum of the galaxy
Mrk 273. The actual OH emission would be expected at 1606.7 and 1604.8 MHz respectively and is
not distinguishable from the RFI, which dominates the spectrum. The observation has been taken on
February 2002 covering a range of 20 MHz in frequency and has been correlated to 256 channels in
dual polarization. Such an observation is equivalent to a single dish measurement with a collecting area
of about 6872 m2, equivalent to a single dish diameter of about 93.5 m, which is on the order of the
largest movable single dish telescopes Effelsberg or Green Bank.

tools already exist in the “classic” AIPS∗ program, the procedures developed consist of a
combination of individual AIPS tasks. The AIPS tasks used for each procedure developed
are listed in table 2.1.

The use of existing AIPS tasks has the advantage that the procedures can be used either
on a new data set or to clean up pre-flagged datasets. The disadvantage is that AIPS has
to be installed on the system used, which in some cases is not trivial. Furthermore, the most
important limitation of AIPS for general use is its assumption that the measurements obtained
are circular polarized, while the WSRT array normally measures the linear products of the
radiation field (Braun private communication). Therefore, the LINE procedures should not be
used to calibrate polarization measurements. However the main development goal was easy
handling of the datasets, while still providing enough flexibility. Therefore, all corrections to
the datasets are placed into movable flag tables. Nevertheless, there are still some restrictions
on the kind of UV-data, which can be reduced with the developed procedures. In general,
all observations can be calibrated, but for automatic flagging the observations need to be
correlated at least with several spectral channels. In order to use the flagging procedure for
Multi-IF continuum observations, these datasets need to be converted into several spectral
channels and can then be treated like line observations. One minor requirement is that the
observed calibrator source is a point source not far from the phase center, or that a good
model of the calibrator is known. Otherwise good UV-data points will be erased by the
flagging procedure. Such an effect can be bypassed by applying a self-calibration procedure
to improve the calibration, which can be done in AIPS manually and has not been built into

∗Astronomical Image Processing System of the NRAO, for additional information see
http://www.aoc.nrao.edu/aips/
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e merge e calib e flag e handfg

tabget getthead getthead getthead
indxr tabget tabget tabget
apcal setjy gethead gethead
dbcon calib extdes uvmln
uvcop gethead uvavg extdes
extdes getjy indxr tabed
tacops clcal uvcop hinote
clcal bpass tacop
snsmo bpsmo vplot
quack bpcor tasav
gethead cpass uvmln
snplt possm tabed
uvflag prthi

stalin
hinote

Table 2.1 − List of used AIPS tasks for the individual calibration and editing procedures making up
the LINE procedures. For further information on each particular task see the AIPS cookbook.

the automated procedures.
WSRT observations have a disadvantage with respect to single dish observations that

for sources at low declination shadowing of the individual telescopes may introduce errors
in the calibration. The phase calibration procedure can compensate for such effects by
providing the opportunity to exclude the shorter baselines for which shadowing takes place.
In addition, strong RFI also occurs at the shorter baselines. Therefore, both problems
can be eliminated by excluding telescope spacings of 144 m and smaller. In practice for
observations of OH, excluding the UV-range lower than 900λ was efficient enough for
eliminating both effects. The data calibration and editing recipe is illustrated in figure 2.2,
showing the principle steps of the data treatment. In order to obtain a calibrated dataset,
the measurements are treated in two main stages: a calibration and a flagging stage. Apart
from the amplitude and phase-calibration, some special data treatment is embedded in the
calibration stage to handle WSRT observations in particular. This special treatment does not
restrict the LINE procedures to only WSRT observations, instead it can be changed easily to
handle observations of other interferometer arrays such as the VLA or GMRT.

The amplitude calibration is performed by the procedure e merge. This procedure as-
sumes that the observation is made in at least 3 scans: first an observation of a calibrator,
then any number of scans of the source, and at the end again a calibrator. It merges the scans
into a combined multi-source file. While merging, the first step of the amplitude calibration
is applied by using the system temperature measurements. Telescopes showing system tem-
peratures of about 0 K can be optionally flagged. In addition, UV-datasets frequently indicate
problems of the measurements at the begin and the end of each scan; such problems are taken
care by automatically flagging at the edges of each scan individually.

The next step involves the use of e calib. This procedure calibrates the phases using the
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Figure 2.2 − Schematic drawing of the usage of the LINE procedures. The left chart shows the
function of each of the LINE procedures. The right flow chart shows the order in which the LINE pro-
cedures should be used. The dotted boxes are optional steps and will not be discussed. The procedures
e fgcheck, e clean, e velo, and e xtract are integrated in the schematic work flow to increase
the time efficiency of the LINE procedures. These procedures do not influence the way of how RFI is
removed in a data set, hence not explicit description of these procedures will be made. The large frames
(dashed) indicate the two major stages in the data reduction: the calibration and the flagging stage.

individual measurements of the calibrator(s) at the beginning and the end of the observation.
The calibration, and therefore the phase corrections, could cause systematic errors, because
the default settings assume that the individual calibrator is a point source in the phase center.
If this is not the case, the phase and amplitudes change non-linearly over time and will cause
enormous amounts of data flagging, which would also affect good UV-data points. Such an
effect can be bypassed by including a self-calibration process on the individual data sets,
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which is provided in the AIPS software. Within the phase calibration procedure, the correct
flux is set to the calibrator sources using the system temperature calibration and the known
flux of the amplitude calibrator. After the amplitude† and phase calibration, a preliminary
bandpass is produced. To decrease any residual noise in this bandpass, hanning smoothing
is performed over three channels. In order to improve the calibration and the bandpass,
the calibrator source is iteratively flagged by using e flag, e clean and e calib. To
illustrate the iterative process to a final clean bandpass, loop 1 in figure 2.2 indicates the
feedback of data editing and the data calibration. The working of the flagging procedure is
explained with a test case in section 2.2.2. After a RFI-free bandpass from the calibrator data
is obtained, the program source itself can be flagged by running e flag and/or e handfg
until the result is satisfactory or does not improve anymore. This is illustrated in figure 2.2 as
loop 2 containing only the flagging stage.

2.2.2 Flagging on a Test Case

The test UV-dataset was taken on 2002 February 07, by observing for two hours on the
OH Megamaser source Mrk 273 and 3 to 4 min on the calibrator 3C 286 at the begin and
the end of the observations. The line observations in two polarization has been acquired
with a bandwidth of 20 MHz shifted to the mid frequency of the hydroxyl main-lines at
optical heliocentric velocity of 11326 km s−1. The observed band ranges from 1595 to
1615 MHz, which covers a large fraction of the GLONASS band and influence of RFI
in the measurements is expected. The influence of RFI on the dataset is shown in the
autocorrelation spectrum displayed in figure 2.1. The advantage of using an interferometer
with respect to a single dish is shown in the cross-correlation spectra in figure 2.3. The
strong RFI, which dominates the autocorrelation spectrum, has mostly vanished in the cross
correlation spectrum and is suppressed by a about a factor of about 10. Nevertheless the
spectrum of the program source shows signs of RFI, which is strongest at about 1604.5 MHz,
as indicated by the strong change in phase and amplitude.

In order to remove the RFI in the UV-dataset seen in the left panel of figure 2.4, two
flagging procedures have been written. Each of these flagging procedures is using the AIPS
task UVMLN, where e flag is made for fully automated flagging while e handfg is less
automated and provides more user control to the data set. These tasks apply the calibration to
the dataset and make a linear fit to the real (amplitude) and the imaginary (phase) spectrum
using a specified set of spectral channels. If the residual rms in the designated channels
exceeds a certain noise-based cutoff, an entry is made in the flag table. The advantage of
continuum subtraction in the UV-plane is discussed on the basis of a similar AIPS task
UVLIN with respect to UVMLN, which performs the continuum subtraction in the image
plane (Cornwell et al. 1992, and for additional information about this task turn to the
AIPS manual). In principle, UVMLN is already an efficient tool to flag the UV-dataset by
hand. The improvements of the developed flagging procedures are the management of the
flagging tables produced by this task over the entire spectrum and the determination of the
noise-based cutoff (flux).

†By using a polarized source as the prime amplitude calibrator, the special data treatment of normally measured
WSRT observations in AIPS introduce a systematic error in the amplitude calibration (Braun private communica-
tion.). In the case of 3C 286, which is of the order of 10.05 ± 0.29 % linear and circular polarized (Bologna et al.
1969; Weiler & de Pater 1983), the introduced error to the amplitude is of the order of 0.36 %.
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The most automated procedure is e flag. It starts with a given noise-base cutoff for a
designated channel bin-size and works through the entire spectrum. If it encounters a piece
of the spectrum in which no flagging is performed, it restarts with a 5 % lower cutoff. The
criterion to finally stop the procedure is optional, either if some UV-data is flagged in all
channel-bins, which is actually flagging in the noise, or it stops 5 % above the flux cutoff
of flagging over the entire spectrum. How the flagging procedure affects the amplitude can
be seen in figure 2.4, where the time range in which the amplitude deviates from a straight
line is completely erased. Furthermore, the influence of the RFI on shorter baselines is nicely
displayed, where above 2.2 hrs almost all data points are erased, where on the longest baseline
some UV-data points have been recovered.

Figure 2.3 − Effect of flagging with e flag is illustrated on the spectrum of MRK 273. The upper
panel in each spectrum shows the phase and the lower panel the amplitude. The RFI can be well spotted
in the left spectrum by the variation of the amplitude and the phase. The strong RFI at 1604.5 MHz
(channel 142) is completely removed after flagging.

The efficiency of the flagging procedures has been evaluated by the signal-to-noise ratio
(SNR) before and after flagging the data sets and is shown in figure 2.5. In the particular case
of channel 142, where the emission spectrum in figure 2.3 show strong influence of RFI, the
figure 2.5 displays low SNR before flagging the dataset. This low and with baseline length
decreasing SNR indicate that the interference is present at all baselines and that RFI has an
even stronger influence to the dataset at longer baselines. After flagging, the dataset show
signal-to-noise ratios ranging around 15 being on the order of the theoretical predictions for
a single baseline of 20, whereby a system temperature of 30 K and the telescope specific
efficiencies of the old WSRT array have been assumed.

The success of the automatic flagging procedure is limited by factors such as the accuracy
of the continuum fit and the amount of data affected by the RFI. If the continuum varies
from a point source, the phases and the amplitudes are not constant over time and therefore
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produce a large amount of flagging entries. This effect causes problems in some AIPS tasks,
because they only allow a limited number of flag entries in the flag table. To bypass this
problem, the UV-dataset needs to be treated within the developed LINE procedures, which
makes use of special AIPS tasks which are able to handle such flag tables. A similar effect
of increasing flag entries in the flag table and therefore possible systematic errors in flagging
the data set can occur by errors in the phase and amplitude calibration of calibrator sources.
If this effect can not be corrected by modifying the calibration of the calibrator source itself,
a self-calibration process needs to be done on the program source. Alternatively the increase
of flagging entries in the flag table can in principle be bypassed by smoothing the datasets in
time and so decrease the amount of bad UV data points. Nevertheless, these over-flagging
effect does not affect the line and continuum measurements of the program source as long the
emission is located in the phase center of the array.

Figure 2.4 − The amplitude versus time shows the effect of the flagging procedure e flag to the
UV-data set. In particular, the amplitude for channel 142 is shown for different baseline lengths before
(left panel) and after applying the automatic flagging procedure (right panel). Generally after phase
and amplitude calibration both measurements, in a RFI or error free dataset, should be constant over
time. Instead, the particular observation shown in the left panel indicates a strong variation of the
amplitude starting at 2.2 hrs, that most likely reveal the influence of interference on the measurements.
Interference produced in the vicinity of the WSRT array mostly cause problems at shorter rather than
longer baselines. For the particular observation such influence is nicely revealed, such that a much
larger fraction of the amplitude is flagged at shorter (top panel) rather than longer baselines (bottom).

The main limitation of the automatic flagging procedure e flag is the selection of the
initial cutoff flux and the percentage of the iterative flux decrease for flagging the continuum
subtracted UV dataset. For datasets with errors in the amplitude calibration these values need
to be changed and evaluated by hand. Nevertheless, these criteria only works efficient if
the determination of the mean value for either the amplitude or the phase of the continuum
subtracted UV data is not dominated by the effect of RFI (< X + XRFI >∼< X >).
In that case the procedure provides default values producing mostly RFI free datasets. If
a dataset is affected by RFI over mostly the entire observation period, e handfg might
be used to delete these measurements. Therefore, this semi-automatic flagging procedure
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requires some knowledge about the dataset in advance and the spectral regions in which RFI
occurs. In principle, it manages the input of AIPS task UVMLN, and can be used for more
flexible averaging over a larger ranges of spectral channels and variable cutoff fluxes.

Figure 2.5 − Comparison of the effect be-
fore and after flagging on the amplitude
signal-to-noise ratio (SNR) of the individual
baselines to the telescope 1. The black line
shows the SNR before and gray scale dis-
play the SNR after flagging. The ratios are
calculated for the total observation of about
2 hrs for the single channel 142 of 78 kHz
in width. The theoretical prediction for the
signal-to-noise is on the order of 20, which
is reached for the longest baselines, where
the influence of RFI is minimal. Note that
telescope 11 was not running during the ob-
servations and therefore does not show any
SNR.

Both procedures have the benefit that the time consuming data handling and editing is
reduced to a minimum and for a two hour observation the overall flagging does not take
longer than a hour. For a 12 hours observation with 512 spectral channels, the flagging
procedure e flag has been successfully tested and required about 4 hours on a 500 MHz
Pentium with 256 MB RAM. For comparison, flagging a typical three scan observation with a
standard flagging procedure such as SPFLG by hand (AIPS task to flag data in time frequency
space per baseline) can take up to a couple of days for WSRT observation of 91 baselines.

The calibration and flagging procedures have two major benefits. The automatic cali-
bration enables one to evaluate observations within 20 minutes, to check whether they are
affected strongly by RFI or by other bad data generated by various effect at the observa-
tory. The flagging procedures provide reliable and consistent flagging, which requires certain
experience and is difficult to achieve by hand.

2.3 A Search for Hydroxyl at High Redshifts

Galaxies which are displaying the majority of visible matter in the universe, exhibit emission
properties that are either dominated by their constituent stars or by a non-stellar emission
process. These active galaxies harbor Active Galactic Nuclei (AGN), the most luminous
objects and the best markers of distant reaches of the universe. Molecular emission and
absorption are important tracers of such cosmic power plants, because the molecular gas
fuels the star formation and the accretion onto the AGN (Gerritsen 1997). Observations of
molecular species and in particular their spectral lines are unique probes of the kinematics
and the hierarchical structure of AGN (Greenhill et al. 1995; Klöckner et al. 2003). Molecular
spectroscopy has mostly been studied in the local universe and therefore little is know about
molecular tracers at redshifts larger than z > 1. The existence of low-excitation molecular gas
at larger redshifts has been shown by the observation of CO in the infrared luminous quasar
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APM 08279+5255 at redshift 3.9 and recently at even larger redshift of 6.42 (Lewis et al.
2002; Walter et al. 2003). The detection of high redshifted molecular species might reveal
important aspects of the formation and evolution of AGN and provide a further view onto the
chemical history of the ISM in the younger universe. Extragalactic hydroxyl (OH) has only
been observed at redshifts lower then unity, at 0.89 in absorption towards PKS 1830−21
and at 0.26 in emission towards IRAS 14070+0525 (Chengalur et al. 1999; Baan et al.
1992b). Therefore a survey to detect highly redshifted OH sources has been started by using
the WSRT array. The selection criteria used to search for suitable candidates are based
on the general characteristics of OH harboring galaxies at lower redshift. Therefore, good
candidates should have quasar like appearance together with enhanced infrared emission,
which by itself displays typical characteristics of nuclear star formation and/or AGN activity.
In addition, galaxies with such enhanced infrared emission have been shown to exhibit a
high molecular content of CO, which possibly traces the similar environment as the hydroxyl
emission, and are therefore worth to investigate. The individual sources have been selected
on their basis of their confirmed CO detections and are listed, with their redshifts, in table 2.2.

Object redshift 1667 line 1665 line comments
[MHz] [MHz]

IRAS 15307+3252 0.926 865.71 864.69 pem
PG 1634+706† 1.337 713.46 712.62
SM 02399−0136† 2.803 438.43 437.92
APM 08279+5255 3.870 342.37 341.97
BR 1335−0415 4.417 307.80 307.44 pem

Table 2.2 − Candidates to search for hydroxyl emission and their optical redshifts are listed together
with the expected frequencies of the OH main-lines. Objects indicated by † showed RFI over the entire
observations and therefore a clean bandpass and spectrum could not be estimated. Sources indicated
by the comment pem (potential emission) might indicate a pair of line emission features, which need
to be confirmed by new observation.

WSRT observations have been performed in order to search for OH emission during the
summer of 1998, by using the UHF-low receivers. In this period the WSRT was undergoing
its upgrade and a few telescopes of the array could not be used during some of the obser-
vations. The observing band width of 10 MHz has been centered on the mid frequencies of
the OH main lines (1667 and 1665 MHz). Each observation includes the calibrators 3C 286
and/or 3C 48 either at the beginning or the end of in average 10 hours integration on the pro-
gram source. The 10 MHz measurements have been correlated with 256 channels leading to
a spectral resolution of about 39 kHz per channel. The data calibration and editing has been
performed by the automated calibration procedures discussed in section 2.2.1. In the case
where the datasets are heavily affected by RFI, showing up almost over the entire observing
run, automatic pre-data editing has been performed in combination with final flagging by
hand in order to obtain a clean spectrum. Nevertheless, in some cases the RFI was perma-
nently present over the entire observation, where the residual UV dataset provides too little
data to result in a reliable spectrum. The individual spectra have been produced from the UV
datasets by using the AIPS task POSSM and no further imaging has been performed. Sources
for which a spectrum could be obtained are shown in figure 2.6.
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Figure 2.6 − Spectra of possible candidates to exhibit OH at high redshift. From left to right with in-
creasing redshift, the phase and the vector-averaged amplitude are displayed versus frequency. The fre-
quency range has been reversed and the expected OH main-line emission is indicated by the arrows, left
the 1667 MHz line and right the 1665 MHz line. The individual sources are: left – IRAS 15307+3252
(amplitude 34±11 mJy and phase 43±21 degree), middle – APM 08279+5255 (amplitude 109±43
mJy and phase 241±13 degree), and right – BR 1335−0415 (amplitude 114±29 mJy and phase
239±18 degree).

In general the individual spectra show influence of RFI at the edges of the band, which
has a strong influence on the bandpasses and therefore introduces artifacts in particular at
higher frequencies. A good indicator of the RFI influence on the spectra is the combination
of the phase together with the vector-averaged amplitude, which reveals a further constraint
on a possible line detection. In general the spectra show no clear 3 σ detection of extragalac-
tic hydroxyl emission at the theoretically expected frequencies. Nevertheless, the expected
OH line pair might be indicative to search for line emission pairs showing similar separa-
tion in the observed spectrum. Therefore in two spectra OH emission is indicated by two
marginal OH line pairs in the left and right panel of figure 2.6. The possible OH main lines
in IRAS 15307+3252 are at roughly 865 MHz and 864.2 MHz and in BR 1335−0415 at
307.2 MHz and 306.9 MHz respectively (it should be noted that for BR 1335−0415 the fea-
ture in the spectrum ranging from 309 MHz to 310 MHz is related to RFI, as also indicated
by the dip in the phase). If this is the case than the optical redshifts are systematic to low with
those obtained by the OH emission (zOH = 0.9276 – IRAS 15307+3252 and zOH = 4.4276 –
BR 1335−0415 for comparison see table 2.2), indicating that the optical redshifts might not
trace the molecular environment in this sources. The spectrum of APM 08279+5255 nicely
shows the influence of RFI at the edges of the bandpass introducing artifacts and causing a
non-perfect bandpass shape, which remains in the data. A linear fit to these data sets did not
provide a better indication of possible line pairs and have therefore not been presented.

2.4 A Search for Hydroxyl in ULIG Galaxies

Since the discovery of extragalactic OH, tremendous effort has been done to search for galax-
ies exhibiting hydroxyl features. On the basis of the infrared intensity several galaxy sam-
ples have been probed for OH with a detection rate of 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). Therefore, the candidates to search for OH emission were chosen on
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the basis of their infrared excess, their optical characteristics and their radio morphology.
In order to increase the chance of detection the infrared luminosities of the candidates are
of the order of 1012L�. Seyfert 1 galaxies are excluded via optical selection and the radio
morphology of the candidates should be point like at 18′′ beam width (see chapter 3; Baan
et al. 1998; Condon & Broderick 1991, and references therein). Like the measurements in
the previous section the observing band of 10 MHz has been centered on the mid frequencies
of the OH main lines. The individual observations include the calibrators 3C 286 and 3C 48
either at the beginning or the end of, in average, 3 hour integrations on the program source.
The 10 MHz measurements have been correlated with 128 channels leading to a spectral res-
olution of about 78 kHz per channel. One exception is the observation of IRAS 13126+2452,
which has been observed with 20 MHz and correlated with 256 channels. The data calibra-
tion and editing has been performed by the automated calibration procedures (section 2.2.1).
The individual sources are listed in table 2.3 together with their observed flux densities.

object redshift log(LIR) amp±rms phase±rms log(LOH) com.
[IRAS] [optical] [L�] [mJy] [deg] [L�]

00450−2533 0.000804 10.36 1336 ±22 −4.8 ±0.5 ab
00506+7248 0.0157 11.40 87.8 ±1.7 −4.7 ±0.9 +0.72
01004−2237 0.118 12.22 15.7 ±2.4 −36.0 ±8.1 +4.96 pem
01219+0331 0.007609 10.89 131.3±2.9 −13.1 ±0.5 ab
02021−2103 0.116 12.00 4.5 ±0.8 −15.8 ±12.5 +3.83
03514+1546 0.02222 11.13 4.6 ±0.4 35.3 ±6.5 −0.03
04103−2838 0.118 12.13 1.5 ±0.6 288 ±49 +3.57
06538+4628 0.02135 11.24 42.8 ±1.4 9.0 ±2.2 +1.13
07256+3350 0.01379 11.13 51.6 ±2.0 −6.4 ±2.2 +0.62
12072−0444 0.129 · · · · · · · · · · · · †

13126+2452 0.011164 10.91 24.8±1.4 −26.8 ±3.3 pab
13305−1739 0.148 12.18 3.2 ±0.3 99.3 ±5.6 +3.29
20248+1734 0.12081 12.10 89.2 ±1.3 42.4 ±0.8 +4.39
20305−0211 0.01991 11.11 10.7 ±0.3 −3.9 ±1.6 −0.54
20450+2140 0.12836 · · · · · · · · · · · · †

22116+0437 0.19390 12.35 10.6 ± 1.0 64.9±4.3 +4.97
23060+0505 0.173 12.40 6.2 ± 1.5 7.1±28.2 +5.18 pem

Table 2.3 − Observed candidates for hydroxyl emission. The measured amplitude, phase and their
uncertainties are taken over the entire spectra displayed in figure 2.7. The infrared luminosity is deter-
mine by the IRAS measurements at various bands (using equation 1 from Kim & Sanders 1998). The
upper limit of the OH luminosity is determined by 1 σ rms of the amplitude and for a OH emission line
feature of 171 km s−1 in width (FWHM; the line width is determined from the averaged 1667 MHz
emission line feature of OH Megamaser galaxies). Sources indicated by the comment “pem” (potential
emission) or “pab” (potential absorption) may indicate a pair of OH line features. Source commented
by “ab” show hydroxyl absorption in their line spectrum. Objects indicated by † showed RFI over the
entire observations and therefore a clean bandpass and spectrum could not be obtained. These source
are listed for the sake of completeness with no measurements.

The phase together with the vector-averaged amplitude is shown for each individual can-
didate in figure 2.7. Out of the observed 17 sources the influence of RFI in two sources is too
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large to reveal a spectrum. In two of the observed galaxies a clear 3σ detection of extragalac-
tic hydroxyl in absorption has been measured (IRAS 00450−2533 & IRAS 01219+0331).
Together with a tentative absorption (∼2.5σ) in the spectrum of IRAS 13126+2452, these ob-
servation confirm three known candidates of exhibit OH in absorption (Baan 1989; Schmelz
et al. 1986). The infrared luminosities of the OH absorber galaxies display a distinct lower
luminosity as for the OH emitter galaxies. Therefore the detected OH absorbing galaxies can
be classified as a subgroup of luminous infrared galaxies (Sanders & Mirabel 1996). Compar-
ing the spectrum of IRAS 13126+2452 with that of the previous observation (Schmelz et al.
1986), the spectrum shows similar absorption features and might also indicate the existence
of the enhanced emission at the edge of the absorption feature. For this particular source new
observations are required to confirm the emission and the absorption. If this is the case, this
source is the only case displaying both emission and absorption, which could provide a new
key to the investigation of the physical condition for OH emission.

Apart from these galaxies the following sources might exhibit OH in emission, where
two constraints are used to indicate tentative OH Megamaser emission. As in section 2.3
the constraints are the expected line separation of the OH main lines in combination with
an upper limit of the OH luminosity (given for each source in table 2.3). In the spectrum
of IRAS 01004−2237 a distinct difference in the noise pattern indicate a broad line pair at
slightly lower frequency than expected. In the spectrum of IRAS 23060+0505 such line
features are seen at slightly higher frequencies than expected.

Concluding from the observed 17 candidates, 2 were corrupted by RFI, 2 absorbers have
been reconfirmed, 1 tentative absorber showing similar features to previous observations,
and 2 possible emission candidates. This low detection rate indicate that the chosen charac-
teristics to compile the list of potential candidates might not be efficient enough to detect
hydroxyl emitters. Therefore the general properties of OH emitters need to be reviewed
in order to provide more detailed characteristics to search efficiently for hydroxyl in emission.

Figure 2.7 − Emission spectra of candidates. The phase and the vector-averaged amplitude are dis-
played versus frequency. The frequency range has been reversed and the expected OH main-line transi-
tions are indicated by the arrows, left the 1667 MHz line and right the 1665 MHz line.
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Figure 2.7 − continued.

2.5 Confirmation of Hydroxyl Megamaser Galaxies
After two decades of extragalactic OH research, the family of OH Megamaser galaxies grew
relatively slow, mostly because of the incompleteness of redshift surveys of FIR sources and
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the still missing selection criteria of good candidates. The detection rate of OH Megamaser
sources is on the order of 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).
A recent investigation has increased the OH Megamaser sample to almost hundred sources
(Darling & Giovanelli 2002a), nevertheless the published literature indicates that 15 % of the
Megamaser sample has not been published with any spectra, even though they are known
since the mid 80s. These sources are mainly observed with the Nancay radio telescope and
announced in the International Astronomical Union Circular mostly with their OH luminos-
ity, without any further information e.g. on the source redshift. The lack of decent spectral
information on the sources affects the study and the general understanding of the Megamaser

object redshift log(LIR) amp±rms phase±rms ref. log(LOH) com.
[IRAS] [optical] [L�] [mJy] [deg] [L�]

00057+4021 0.04466 11.55 4.8±3.0 −2.8 ±35.2 I1 1.9 em
00509+1225 0.06114 11.87 9.2±3.5 −38.7 ±35.5 I4 <4.1 RFI
00335−2732 0.06928 · · · · · · · · · I4 · · · ‡
01364−1042 0.04843 11.18 13.5±2.0 −40.8±4.8 I3 1.6 em
02483+4302 0.05144 · · · · · · · · · I2 · · · †
03056+2034 0.02744 11.18 13.6±4.9 8.13±28.0 I4 <2.9
03260−1422 0.04248 11.35 7.9±2.5 −48.6±12.5 I2 2.0 em
05100−2425 0.03351 11.26 12.4±2.6 50.1±13.0 M 1.4 em
05414+5840 0.01486 11.19 97.2±3.1 1.4±1.2 M ab
08071+0509 0.05220 11.74 30.5±2.0 −55.8±2.1 B 1.9 em
10485−1447 0.13300 · · · · · · · · · I4 · · · †
13097−1531 0.02135 · · · · · · · · · M · · · †
13254+4754 0.06040 11.50 2.7±2.1 −10.6±83.3 M <3.6 RFI
13451+1232 0.12200 12.24 3393±14 7.74±0.1 D <6.8
15179+3956 0.04757 11.59 1.6±1.2 −34.0±94.3 I3 <2.5 pem
15247−0945 0.04000 11.50 20.9±2.9 79.5±4.1 I2 1.6 em
16145+4231 0.02313 · · · · · · · · · I4 · · · †
17526+3253 0.02601 · · · · · · · · · M · · · †
20491+1846 0.02900 11.11 2.37±1.6 −4.0±97.4 I3 <1.9
23365+3604 0.06448 12.09 25.6±2.4 2.9±3.2 I4 2.3 em

Table 2.4 − Galaxies reported to exhibit OH Megamaser emission. The measured amplitude, phase
and their uncertainties are taken over the entire spectra displayed in figure 2.8. The infrared luminos-
ity is determine by the IRAS measurements at various bands (using equation 1 from Kim & Sanders
1998). The upper limit of the OH luminosity is determine by 1 σ rms of the amplitude and for a
OH emission line feature of 171 km s−1 in width (FWHM; the line width is determine from the aver-
aged 1667 MHz emission line feature of OH Megamaser galaxies). Sources indicated by the comment
“pem” (potential emission) may indicate a pair of OH line features. Source commented by “ab” show
hydroxyl absorption and “em” show hydroxyl emission in their line spectrum. Furthermore, objects
indicated by † showed RFI over the entire observations. ‡ – reported non detection (Staveley-Smith
et al. 1992), D – Dickey et al. (1990), M – Martin (1989), B – Baan private communication, I1 –
IAUC 4629 Kazes et al. (1988), I2 – IAUC 4856 Kazes et al. (1989), I3 – IAUC 4928 Bottinelli et al.
(1989), I4 – IAUC 4977 Bottinelli et al. (1990)
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properties, which is fundamental for ongoing studies of OH Megamaser galaxies. These indi-
vidual sources are listed in table 2.4, with their optical redshift, the expected line frequencies
and the reference of publication.

The observations to confirm OH emitters have been obtained either with a bandwidth of
10 MHz or 20 MHz centered on the mid frequencies of the OH main-lines. The observations
including the calibrators 3C 286 and 3C 48 either at the beginning or the end of, in average,
3 hours integration on the program source. The 10 MHz measurements have been corre-
lated with 128 and the 20 MHz with 256 channels leading to a spectral resolution of about
78 kHz per channel. The data calibration and editing has been performed by the automated
calibration procedures (section 2.2.1). Of the observed twenty sources six showed strong
RFI over the entire observing run and therefore no spectra have been produced. Of all other
sources in table 2.4 a spectrum has been produced, which are displayed in figure 2.8. In three
spectra the phase and the vector-averaged amplitude show rapid variations, which is not an
evidence of RFI, instead these sources show no continuum emission and therefore the phases
and amplitude are displaying such behavior. In particular, the sources IRAS 13254+4754,
IRAS 15179+3956 and IRAS 20491+1846 do not show any evidence of continuum emis-
sion. The spectrum of IRAS 15179+3956 indicates tentative OH in emission, which is shown
by the narrow line in combination with the stable phase at frequencies at which the OH main
lines are expected.

Figure 2.8 − Spectra of reported OH Megamaser galaxies. The phase and the vector-averaged am-
plitude are displayed versus frequencies. The frequency range has been reversed and the expected OH
main-line transition are indicated by the arrows, left the 1667 MHz line and right the 1665 MHz line.
Note that at frequencies around 1575 MHz the GPS system produce RFI affecting the spectra of
IRAS 00509+1225 and IRAS 13254+4754.
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Figure 2.8 − continued.

Some spectra show enhanced amplitudes together with phase variance at the edges
of the band. This causes individual line features at higher frequencies to dominate the
individual spectra and therefore a reliable detection or non-detection can not be concluded.
Such artifacts are introduced by bad bandpass determinations where the calibrator suffers
from RFI, producing additional noise at the edges of the observed bandwidth. Sources
showing strong evidence of such an effect are IRAS 00509+1225, IRAS 03056+2034,
IRAS 13254+4754, and IRAS 20491+1846. Furthermore, the spectrum of the source
IRAS 13451+1232 shows no evidence of emission lines. The continuum emission of this
particular source is too strong to obtain a reliable bandpass with the scheduled observations
on the bandpass calibrator, which is only a factor four stronger than the source. The
dynamic range of about 14 mJy in the spectrum is therefore to low to exclude OH either
in emission or absorption, but it indicates an upper limit for the OH in this galaxy (see
table 2.4). In particular, the source IRAS 05414+5840 has been reported as a maser
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source, but the observation clearly shows that this source renders OH in absorption. The
reason for causing this misinterpretation in the earlier observations, is the vague redshift
knowledge of that particular source, shifting the bandpass to slightly higher frequencies and
therefore to a wrong continuum subtraction (Martin 1989). The hydroxyl emission in the
sources IRAS 00057+4021, IRAS 01364−1042, IRAS 03260−1422, IRAS 05100−2425,
IRAS 08071+0509, IRAS 15247−0945, and IRAS 23365+3604 could be confirmed. Apart
from IRAS 08071+0509 the optical redshift is not in agreement with the OH lines, possibly
indicating that the OH emission originates from a different region than the optical lines.
The spectrum of IRAS 01364−1042 shows double emission feature at frequencies where
the 1667 MHz line is expected, but only one 1665 MHz counterpart, possible indicating an
artifact, which has to be proved.

Summarizing, not all of the OH candidates could be checked, because some of the ob-
servations were affected by the influence of strong RFI and no spectra could be obtained.
One of these sources, IRAS 00335−2732, has been checked and no emission could be
detected (Staveley-Smith et al. 1992). From the observed fourteen published OH emitters
seven sources show OH emission, one source shows OH in absorption, one source tentative
emission, and six sources show no clear evidence of hydroxyl in their spectra. Concluding,
six out of fifteen previously published OH emitters do not show evidence of hydroxyl. Such
a high percentage affects the investigation of the general properties of OH Megamasers and
therefore previously published hydroxyl emitters without any spectra should not be used to
evaluate properties of the OH sample.
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CHAPTER 3

The Sample of OH Megamaser
Galaxies

OHMEGAMASER galaxies display exceptional OH maser emission compared with
their Galactic counterparts. Since their discovery in the early eighties an enormous

effort has been undertaken to expand the sample of such galaxies (Baan et al. 1982). In this
chapter a list of all published OH Megamaser galaxies has been compiled and their spectra
evaluated. From the 100 sources with claimed OH emission, the OH emission spectra of 25
sources are either unpublished or limited by their sensitivity such that a clear determination
of OH main-line emission is not possible. By evaluating the individual sources, the Mega-
maser sample has been reduced to 74 sources of luminosities larger than 1 L�. Based on this
dataset the general properties of the host galaxies have been reviewed at optical, radio and
infrared bands. There is a clear association of the OH emitters with galaxies having enhanced
emission in the infrared band. Furthermore, since Galactic OH masers are found predomi-
nately towards star forming regions, this suggests enhanced star formation in OH Megamaser
galaxies. Such an association is supported by most of the sampled OH galaxies displaying
distinct signatures of enhanced star formation in the infrared and radio bands. In addition,
the luminosity functions in these bands indicates that OH selected galaxies trace a similar but
less abundant population of starburst galaxies as compared to galaxies selected on the basis
of their infrared or optical emission.
Finally, the OH maser process itself and its relation to the general characteristics of the host
galaxy have been evaluated. In general, the necessary pump for extragalactic hydroxyl maser
emission is produced by radiative pumping by an apparent infrared emission field. The pump
efficiency is on the order of a few percent and accounts for most of observed extragalactic
maser emission. Furthermore, the observed OH main-lines and the derived optical depth
cannot be described by pumping the hydroxyl levels with a single black body radiation field,
which additionally indicates that the dominant phenomenon of OH Megamaser emission is
caused by unsaturated maser action.

Hans–Rainer Klöckner and Willem A. Baan
IN PREPARATION
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3.1 Introduction and an Inventory

After the detection of extragalactic hydroxyl emitters, it became clear that such extreme emis-
sion may mirror the nuclear environment and therefore these sources are prime candidates to
study the nuclear region of such galaxies. The main characteristic of these sources is their
strong association with enhanced infrared emission (see section 3.2) that triggered the search
for OH Megamaser galaxies (OH-MM). Nevertheless, the search for OH emission based
on the infrared properties resulted in a detection rate on the order of a few percent, which
indicates that such selection criteria are insufficient and that the OH-MM have additional
properties, which are not understood so far (Schmelz et al. 1986; Garwood et al. 1987; Nor-
ris et al. 1989; Staveley-Smith et al. 1992; Baan et al. 1992a; Darling & Giovanelli 2000,
2001, 2002a). At present one hundred galaxies have been quoted in the literature to exhibit
OH emission, but an extensive literature search showed that some of those sources still do
not have published spectra or show ambiguous spectra with marginal emission features. As
shown in chapter 2, only 40 % of the quoted OH-MM sources without published spectra
exhibit OH in emission. Therefore, table 3.1 provides an inventory of the published OH
Megamaser sources together with a “trust value” for each particular source, that expresses
the trustworthiness of the detection on a scale of −2 to 2. The trust value is also necessary
because the detection of OH emission is affected by the influence of radio interferences pre-
dominately caused by the GLONASS satellite system that may produce artifacts mimicking
OH emission features. The data has been compiled by assuming a Gaussian component for
the published 1667 MHz main-line emission only, because the 1665 MHz component was
not reliable in most of the cases. For sources without published emission line properties,
the data have been obtained by hand from the spectrum itself. The errors for the estimated
luminosity are assumed to be 15 percent, accounting for an accuracy of around 1 mJy for the
peak flux and 20 km s−1 for the line width. Traditionally the maser luminosity is assumed
to be isotropic, but the maser emission may be highly anisotropic and therefore could lead to
an overestimate of the true maser emissivity. Nevertheless, the anisotropy infers that many
maser features are not beamed toward the observer, which indicates that the isotropic lumi-
nosity based on the observed maser features may provide a reasonable estimate of the actual
maser luminosity.

Figure 3.1 − Histogram of the isotropic
OH luminosities of 74 OH Megamaser galax-
ies. The sample of trustable OH Megamaser
galaxies has been compiled on the basis of the
trust value ≥ 1 (see table 3.1). In addition,
the source IRAS 12243−0036 has been ex-
cluded, because its low luminosity accounts
for kilo-maser emission rather than for mega-
maser emission.
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Based on the trust value of 1 or greater, 75 sources have been selected with OH luminosi-
ties ranging over 5 orders in magnitude (see table 3.1). In this sample two galaxies have high
luminosities indicating OH Giga-maser emission, six galaxies harbor emission with luminosi-
ties lower than 10 L� and the luminosity of the sources IRAS 12243−0036 is comparable to
kilo-maser emission rather than to mega-maser emission (the particular kilo-maser source is
excluded from the sample and for a classification of the OH luminosity ranges see Henkel &
Wilson 1990). The histogram of the luminosities of the reduced sample is shown in figure 3.6
and it indicates that the majority of OH Megamaser sources have luminosities in the range of
100 to 1000 L�. In conclusion, 74 out of the 100 galaxies show exceptional hydroxyl maser
emission and are suitable for further investigation.

object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 00057+4021 13487 13.5 113 1.93 1 26 18
IRAS 00335−2732 · · · · · · · · · · · · −2 6 21
IRAS 00509+1225 · · · · · · · · · · · · −1 26 21
IRAS 01364−1042 14582 6.9 88 1.60 1 26 20
IRAS 01418+1651 8262 177.0 64 2.39 2 7
IRAS 01562+2528 49814 6.95 218 2.99 1 24
IRAS 02483+4302 · · · · · · · · · · · · 0 19
IRAS 02524+2046 54162 39.8 76 3.35 1 24
IRAS 03056+2034 · · · · · · · · · · · · −1 26 21
IRAS 03260−1422 12815 10.7 201 2.04 1 26 19
IRAS 03521+0028 45512 2.77 59 1.95 1 24
IRAS 03566+1647 39865 1.96 48 1.61 1 24
IRAS 04121+0223 36590 2.52 209 2.29 1 23
IRAS 04332+0209 3580 10.0 83 0.53 1 12
IRAS 04454−4838 15916 131.8 32 2.51 2 6 26
IRAS 05100−2425 9990 12.5 57 1.35 1 26 12 6
IRAS 05414+5840 · · · · · · · · · · · · −2 26 12

Table 3.1 − The OH Megamaser galaxies quoted in the literature. The IRAS name, the heliocentric
velocity, the peak flux, and the line width (FWHM) of the 1667 MHz line are listed together with the
trust value and the references of the individual galaxies. A trust value of 2 indicate several published
spectra, of 1 = one published spectrum, 0 = no published spectrum, −1 = published spectrum showing
either ambiguous emission most likely affected by RFI or showing a low signal to noise ratio, and
−2 = no confirmed emission. Additional names of individual objects: IRAS 00509+1225 – UGC 545;
IRAS 01418+1651 – III Zw35; IRAS 03056+2034 – UGC 2553; IRAS 04332+0209 – UGC 3097;
IRAS 04454−4838 – ESO 203-IG-001; IRAS 05414+5840 – UGC 3351. References: 1 – Baan 1985,
2 – Baan et al. 1992a, 3 – Martin et al. 1989, 4 – Martin et al. 1988b, 5 – Martin et al. 1988a, 6 –
Staveley-Smith et al. 1992, 7 – Staveley-Smith et al. 1992, 8 – Kazes & Baan 1991, 9 – Staveley-Smith
et al. 1989, 10 – Norris et al. 1986, 11 – Baan et al. 1992b, 12 – Martin 1989, 13 – Baan et al. 1985,
14 – Dickey et al. 1990, 15 – Mirabel & Sanders 1987, 16 – Bottinelli et al. 1986, 17 – Staveley-
Smith et al. 1986, 18 – Kazes et al. 1988, 19 – Kazes et al. 1989, 20 – Bottinelli et al. 1989, 21 –
Bottinelli et al. 1990, 22 – Darling & Giovanelli 2000, 23 – Darling & Giovanelli 2001, 24 – Darling &
Giovanelli 2002a, 25 – Mirabel et al. 1988, 26 – chapter 2.
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object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 06206−3646 33188 4.76 143 2.32 1 8
IRAS 06487+2208 43017 7.6 211 2.90 1 22
IRAS 07163+0817 33150 4.0 24 1.47 1 23
IRAS 07572+0533 56783 2.52 209 2.63 −1 23
IRAS 08071+0509 15638 13.5 78 1.90 1 26 20
IRAS 08201+2801 50325 14.67 205 3.30 1 23
IRAS 08279+0956 62422 4.79 207 2.98 1 23
IRAS 08449+2332 45424 2.49 97 2.12 −1 23
IRAS 08474+1813 43750 2.2 409 2.66 −1 23
IRAS 09039+0503 37720 5.17 212 2.63 1 23
IRAS 09320+6134 11825 15.5 80 1.73 1 12
IRAS 09531+1430 64434 3.98 256 3.01 1 23
IRAS 09539+0857 38455 14.32 317 3.26 1 23
IRAS 10035+2740 50065 2.29 65 1.99 −1 24
IRAS 10039−3338 10100 259.4 88 2.86 2 26 6 18
IRAS 10173+0828 14720 105.0 42 2.46 1 15
IRAS 10339+1548 58983 6.26 40 2.34 −1 23
IRAS 10378+1109 40811 19.7 177 3.20 2 24 8
IRAS 10485−1447 · · · · · · · · · · · · 0 21
IRAS 11010+4107 10450 14.5 112 1.74 1 12 16
IRAS 11028+3130 59619 4.27 89 2.53 1 23
IRAS 11180+1623 49783 1.82 127 2.17 −1 24
IRAS 11257+5850 3101 21.0 235 1.18 2 3 7 23
IRAS 11506−3851 3100 90.0 118 1.52 2 6 10
IRAS 11524+1058 53404 3.17 279 2.81 1 23
IRAS 12005+0009 36472 3.51 82 2.02 1 24
IRAS 12018+1941 50350 3.0 156 2.49 1 4 24
IRAS 12032+1707 64920 16.27 853 4.15 1 23
IRAS 12112+0305 21785 30.0 143 2.78 2 12 25 24
IRAS 12162+1047 43757 2.07 105 2.05 1 24
IRAS 12243−0036 2215 6.0 102 −0.01 1 4
IRAS 12540+5708 12647 48.0 293 2.84 2 1 7
IRAS 12549+2403 39603 1.79 102 1.89 1 24
IRAS 13097−1531 · · · · · · · · · · · · −1 12
IRAS 13218+0552 61268 4.01 314 3.07 1 24
IRAS 13254+4754 · · · · · · · · · · · · −1 26 12
IRAS 13428+5608 11230 55.0 164 2.55 2 7 13
IRAS 13451+1232 36395 1.7 305 2.28 −1 26 14
IRAS 14043+0624 33912 2.75 54 1.68 1 24
IRAS 14059+2000 37246 15.2 161 2.97 1 24
IRAS 14070+0525 79760 10.0 523 3.88 2 11 24
IRAS 14553+1245 37462 2.93 77 1.94 1 24

Table 3.1 − continued. Additional names of individual objects: IRAS 09320+6134 – UGC 5101,
IRAS 10039−3338 – IC 2545, IRAS 11010+4107 – Arp 148, IRAS 11257+5850 – IC 694,
IRAS 11506−3851 – ESO 320-G-030, IRAS 12243−0036 – NGC 4355, IRAS 12540+5708 –
Mrk 231 – UGC 8058, IRAS 13097−1531 – NGC 5010, IRAS 13428+5608 – Mrk 273 – UGC 8696.
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object velocity peak flux line width log(LOH) trust- references
[ km s−1] [mJy] [ km s−1] [L�] value

IRAS 14586+1432 44380 1.79 369 2.54 1 24
IRAS 15065−1107 1818 10.0 102 0.04 1 2
IRAS 15107+0724 3380 12.5 155 0.85 2 5
IRAS 15179+3956 14172 4.35 39 1.02 −1 26 20
IRAS 15224+1033 40290 12.27 31 2.22 1 23
IRAS 15247−0945 11920 26.8 33 1.59 1 26 19
IRAS 15250+3609 16800 25.0 155 2.52 1 12
IRAS 15327+2340 5373 286.0 132 2.54 2 1 3
IRAS 15587+1609 40938 13.91 176 3.04 1 23
IRAS 16100+2527 40040 2.37 46 1.68 1 23
IRAS 16145+4231 · · · · · · · · · · · · 0 21
IRAS 16255+2801 40076 7.02 79 2.38 1 23
IRAS 16300+1558 72528 3.12 131 2.71 −1 22
IRAS 16399−0937 8010 25.0 95 1.68 1 12 17
IRAS 17161+2006 32762 4.84 76 2.04 1 24
IRAS 17208−0014 12790 131.0 165 3.04 2 3 7 24
IRAS 17526+3253 7450 3.7 100 0.81 −1 12
IRAS 17539+2935 32522 0.76 161 1.56 −1 22
IRAS 18368+3549 34832 4.58 421 2.81 1 22
IRAS 18544−3718 21864 42.0 29 2.23 2 6 8
IRAS 18588+3517 31686 7.37 64 2.12 1 22
IRAS 20100−4156 38669 169.6 86 3.77 2 9 6 26
IRAS 20248+1734 36538 2.61 177 2.23 −1 22
IRAS 20286+1846 40471 15.58 224 3.19 2 22
IRAS 20450+2140 38398 2.27 144 2.12 1 22
IRAS 20491+1846 · · · · · · · · · · · · −1 26 20
IRAS 20550+1656 10871 26.0 87 1.92 2 7 12 24
IRAS 21077+3358 52987 5.04 243 2.94 −1 22
IRAS 21272+2514 45032 16.3 263 3.36 2 22
IRAS 22025+4205 4329 10.0 121 0.86 2 2 12
IRAS 22055+3024 37965 6.35 92 2.36 1 23
IRAS 22088−1832 51078 6.28 92 2.59 1 8
IRAS 22116+0437 58180 1.76 121 2.26 1 22
IRAS 22491−1808 23116 7.0 61 1.82 2 2 8 12
IRAS 23019+3405 32294 3.58 57 1.78 −1 23
IRAS 23028+0725 44529 8.69 219 3.00 1 23
IRAS 23129+2548 53394 4.59 376 3.10 1 23
IRAS 23135+2516 8094 2.3 133 0.80 1 15
IRAS 23199+0123 40680 1.8 139 2.05 −1 23
IRAS 23234+0946 38240 3.32 266 2.55 1 23
IRAS 23365+3604 19238 7.52 243 2.30 1 26 21

Table 3.1 − continued. Additional names of individual objects: IRAS 15065−1107 – NGC 5861,
IRAS 15107+0724 – CGCG 049-057, IRAS 15327+2340 – Arp 220, IRAS 17526+3253 –
UGC 11035, IRAS 20491+1846 – UGC 11643, IRAS 20550+1656 – II Zw 96, IRAS 22025+4205 –
UGC 11898, IRAS 23135+2516 – IC 5298.
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3.2 The Properties

Earlier surveys of OH emitters have discussed the properties in the optical-, infrared- and
radio-bands of the existent sample at that time also including the non-detection of OH Mega-
maser galaxies (Darling & Giovanelli 2002a; Baan et al. 1992a; Staveley-Smith et al. 1992;
Norris et al. 1989; Garwood et al. 1987; Schmelz et al. 1986). The characteristics of the here
used sample of the 74 OH Megamaser source are reviewed in the following.

In the optical, it has been quoted that OH-MM are morphologically peculiar sources, that
are generally associated with interacting galaxies (Staveley-Smith et al. 1989). The Digitized
Sky Survey has been used to investigate the morphological structure of 65 of the 74 sampled
sources. Out of the 65 sources: 2 are spiral galaxies, 6 are elliptical galaxies, 26 show mul-
tiple sources or interactions as traced by tails or distorted isophotes, and 31 were unresolved
point sources at a pixel resolution of about 1 – 2′′. Hence the optical morphology of most OH
Megamaser galaxies remains uncertain. Whether the unresolved sources are also interacting
galaxies needs to be investigated with optical observations at higher spatial resolution. Never-
theless, the number of multiple and morphologically distorted sources in the sample indicates
that OH Megamaser sources are most likely associated with galaxies in a state of merging.
From optical spectroscopy, based on a subsample of OH emitters, the nuclear activity of these
galaxies is most likely driven by nuclear star formation, which is confirmed by the dominant
infrared peak in the spectral energy distribution (SED) of the entire sample (Baan et al. 1998;
Klöckner & Baan 2002).

The infrared properties of the host galaxies have been discussed in each of the major
published searches for OH emission and were reviewed in detail on the basis of 18 emitters
and 24 absorbers, and it has been shown that galaxies with OH in absorption have colder
infrared spectra than OH emitters (see Baan 1989). Here a similar investigation has been
done. The infrared luminosity is estimated by a χ2-fit of a single black body to the IRAS
detections in the 4 bands, at 12, 25, 60, and 100 µm (the data are compiled from the IRAS
Faint Source Catalog; Moshir et al. 1992). In order to verify the estimated luminosities,
the standard equation for calculating the infrared luminosity has been used (see e.g. Sanders
& Mirabel 1996; Kim & Sanders 1998). The accuracy between the various estimates is
on the order of 15 to 30 percent, which is in agreement with the overall accuracy of the
IRAS measurements. In additional, the luminosity in the 60 µm band has been calculated to
facilitate a comparison with galaxies from a 2 Jy flux limited sample of IRAS sources (see
section 3.4), by using the following equation:

log(L60µm) = 6.014 + 2 log D + log(F60µm), (3.1)

where L60µm is the luminosity of that particular band in units of L�, D is the distance in Mpc
and F60µm the flux in units of Jy (Yun et al. 2001). The distance calculations are based on the
deceleration parameter q0 = 0.5 km s−1 and a Hubble constant of H0 = 75 km s−1 Mpc−1

(Longair 1998). The maximal difference of the LIR and L60µm luminosities is a factor of 4,
which accounts for the contribution of the other three infrared bands. Figure 3.4 displays the
distribution of the infrared luminosity of the OH-MM sample. The infrared luminosity cov-
ers almost three orders of magnitude ranging between 2.09×1010 L� (IRAS 04332+0209)
and 1.1×1013 L� (IRAS 02524+2046). Based on the classification of galaxies displaying
infrared excess, the OH-MM sources are embedded within the sample of Luminous Infrared
Galaxies and Ultra Luminous Infrared Galaxies (the different criteria for LIG and ULIG are
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listed in table 1 of Sanders & Mirabel 1996). In particular, five sources show infrared lumi-
nosities of less than 1012 L� (LIG), whereas the other sources are a subsample of the ULIG
population.

Figure 3.2 − Histograms of the ratios of the infrared colours. The vertical line in the left panel
indicates the proposed division to identify Infrared Seyfert galaxies (≥ 0.18, de Grijp et al. 1985).
The vertical line in the right panel indicates the division between cold and warm ULIG galaxies (warm
> 0.5, Kim & Sanders 1998).

In addition, the emission of the individual infrared bands has been used to investigate the
kind of nuclear activity in these galaxies. Two different criteria are used based on the 25
to 60 µm and the 60 to 100 µm bands (see figure 3.2). The ratio of F25µm

/

F60µm ≥ 0.18
has been proposed to identify infrared galaxies with Seyfert character, which would indicate
a non-stellar power source in the nucleus (de Grijp et al. 1985). Therefore, 16 sources are
expected to harbor a non-stellar power plant, consisting of an accretion disk surrounding a
black hole. Unfortunately, only 4 of these galaxies have been evaluated with optical spec-
troscopy indicating that 2 indeed show a Seyfert nucleus. Even with low number statistics the
percentage of Seyfert type nuclei identified by this ratio is below the deduced values for all
infrared galaxies at similar infrared luminosities (Kim et al. 1998; Sanders & Mirabel 1996).
Therefore, it is most likely that the OH galaxies trace the starburst dominated galaxies in this
infrared luminosity range.

The second ratio defines the color of the galaxy, where galaxies with ratios of
F60µm

/

F100µm > 10−0.3 are defined to show warm infrared colors. In addition, these
“warm ” galaxies show one order of magnitude stronger emission within the mid-infrared
range between 5 – 40 µm than the colder galaxies (Note that in the PSCz catalog of IRAS
sources 5554 have warm and 3421 have cold colors; Takeuchi et al. 2003; Sanders & Mirabel
1996). The colors of the OH sample are shown in figure 3.2, displaying that most of the OH
emitters show warm colors and only five sources exhibit cold colors (IRAS 01562+2528,
IRAS 04121+0223, IRAS 04332+0209, IRAS 14059+2000, IRAS 20286+1846). The
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black body temperatures of these five galaxies, presented in table 3.2, confirm this rough
estimate properly, where the temperatures range from 40 K to 46 K. A similar percentage of
warm sources can be found in the sample of OH absorbers, that are known to be associated
with colder infrared emission (Baan 1989). The color dependence of OH emission and ab-
sorption can be understood by evaluating the OH pumping scheme (see figure 3.7), where
the individual transitions of the rotational ladder for the electronic ground state are in a wave-
length range of 10 – 120 µm. Apart from the strong color dependence of the OH emitting and
absorbing sources, the galaxies with OH in emission are indicated by enhanced emissivity in
this wavelength range. Furthermore, it is noteworthy that the source IRAS 05414+5840 pre-
viously thought to show OH in emission, has been re-observed and displays OH in absorption
(see chapter 2), which is now consistent with its infrared color. The temperature estimates of
the OH sample is shown in figure 3.3, where the histogram indicates a maximum temperature
of about 97 K and a broad distribution of temperatures in the range of 50 K to 80 K. The
temperature distribution peaks at around 59 K, which is comparable to the temperature of
61 K found by a theoretical evaluation of the OH maser emission. At this temperature,the
OH main-line emission is expected to be produced in clouds of 10 pc in size and main-line
ratios are expected to be on the order of 6 to 7 (Randell et al. 1995). These ratios may ex-
plain the weak appearance of the 1665 MHz line in the spectra of individual OH Megamaser
galaxies, which may well be hidden in the noise of the individual spectrum.

Figure 3.3 − Histograms of derived infrared properties. The single black-body temperatures are
presented on the left and the maximum radius of the dusty circumnuclear environment on the right. The
values have been taken from table 3.2.

Galaxies with warm infrared colors also display a possible evolutionary connection be-
tween ULIGs and QSOs, in which ULIGs are part of a sequence of merging spiral galaxies.
After funneling gas into the merger nucleus, which feeds a nuclear starburst, a self-gravitating
gas disk on scales of about 1 kpc may be formed (Taylor et al. 1999; Sanders & Mirabel
1996). The enhanced thermal emission in the mid infrared emerges from dust in such a cir-
cumnuclear disk surrounding the active nucleus and the accretion disk (Sanders & Mirabel
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1996). Such a scenario may be seen in a few OH Megamaser sources, observed at spatial
resolution of tens of parsec, where the presence of a disk or a torus structure has been re-
ported in the circumnuclear region (Klöckner & Baan 2002; Pihlström et al. 2001; Lonsdale
et al. 1998). Nevertheless, for the entire sample the maximal extent of such a dusty disk- or
torus-structure can be estimated from the infrared luminosity, following the assumptions that
the infrared emission is optically thin and that the orientation of this structure does not play a
role (for the specific equation see Lang 1999). The infrared radius of the individual sources
is listed in table 3.2 and shown in figure 3.3. The maximal extent of 1100 pc for the infrared
disks seen in OH-MM galaxies is in agreement with the proposed extent of the circumnuclear
environment. Furthermore, figure 3.3 indicates that the majority of the OH sources have a
dusty environment of 200 pc to 500 pc in extent. Such limits are in good agreement with
the high resolution observations of HI, OH and investigations of the CO emission for a few
sources from the OH-MM sample (Downes & Solomon 1998; Carilli & Taylor 2000; Carilli
et al. 1998).

Figure 3.4 − Histograms of the infrared luminosities (left panel) and radio continuum luminosities
(right panel) of the OH Megamaser sample.

In addition to the investigation of the infrared emission, the characteristics of the radio
emission and its relation to the infrared have been evaluated for the OH Megamaser sample.
In general, it has been shown that galaxies show a clear connection between their radio and
FIR luminosities. This relation has been first discovered in Seyfert-type nuclei showing a
universal and tight correlation that holds for 5 orders of magnitude (van der Kruit 1971;
Helou et al. 1985; Price & Duric 1992; Yun et al. 2001). The first model explaining such a
correlation proposed relativistic electrons accelerated around a black hole that produce both
the radio and infrared emission. The currently favored explanation for such a correlation
in starburst galaxies is that the same population of massive stars produce the thermal FIR
emission from the surrounding HII regions and subsequently the non-thermal emission from
supernova explosions. Thus the linear nature of the correlation is directly related to the star
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formation and cosmic-ray production processes taking place in such galaxies. In this picture
one problem remains unsolved, in that the radio and the FIR emission needs to be produced
simultaneously, which may not be the case because these emissions are produced at different
stages of the starburst cycle (Yun & Carilli 2002). In order to test the relation for the OH-
MM sample, the radio luminosity (in W Hz−1) has been calculated on the basis of the low
resolution (14′′) NVSS flux density at 1.4 GHz using the following formula (Condon et al.
1998; Yun et al. 2001):

log(Lrad) = 20.08 + 2 log D + log(F1.4 GHz), (3.2)

where D is the distance in Mpc and F1.4 GHz the flux density in units of Jy. The histogram in
figure 3.4 displays the range of the observed radio luminosities. The sample does not show
numerous sources with radio excess such as in the infrared band. A complicating factor is
that two different functional definitions of radio loudness has been used in the literature: one
on the basis of the absolute radio power and one based on the ratio of the optical and radio
emission fluxes (Yun et al. 2001; Krolik 1999), if multi-frequency radio measurements are
available a better determination of the radio loudness is possible (Falcke et al. 1996). On
the basis of the radio luminosity alone (Lrad ≥ 1025 W Hz−1) the sample does not show
any radio loud objects. By using the ratio of optical and radio emission only the source
IRAS 12540+5708 is a radio loud object. It may be concluded that most of the OH-MM
galaxies show no dominant radio emission.

The relation of the radio- and the infrared-luminosities has been displayed
in figure 3.5. Except for 4 sources the main-body of the data points dis-
plays the tight radio- and infrared-luminosity correlation that can be described by
log(Lrad) = (0.99 ± 0.09) log(LIR) + (11.40 ± 1.08). This result is in good agreement
with the exponent of 1.07 found for a subsample of OH-MM galaxies in a luminosity range of
109 ≥ LFIR ≥ 1013 L� and using 4.8 GHz radio-continuum data (Henkel & Wilson 1990).
But the exponent of OH-MM galaxies is slightly lower than the exponent of 1.13 found for
a sample of ULIGs at luminosities ≥ 1011.4 L� in the 4.8 GHz radio band (Crawford et al.
1996). An investigation of infrared emission and the 1.4 GHz radio emission in large scale
disks of galaxies revealed an exponent close to unity for this correlation (Helou et al. 1985).
Such a value has been confirmed for a much larger sample of galaxies selected by their IRAS
flux in the 60 µm band (F60µm ≥ 2 Jy), which shows an exponent of 0.99 for the integrated
infrared- and the 1.4 GHz radio-emission of the entire galaxy (Yun et al. 2001). In addition,
the infrared luminosity of the OH-MM sample covers a range that is two orders of magni-
tude smaller than that for galaxies selected on their radio or infrared emission (Price & Duric
1992; Yun et al. 2001). It should be noted that the dispersion of the relation increases at
higher luminosities, which is also seen for the luminosity correlation seen at larger samples
of ULIGs (e.g. see Yun et al. 2001). In conclusion, the galaxies selected by their OH emis-
sivity follow the general trend of the radio to infrared emission and no clear distinction can
be made among the different samples of galaxies.

Since the general relation between the radio and the infrared luminosities shows such a
universal and tight correlation, the ratio between both measurements, also known as the q-
ratio, is indicative of the underlying heating process (Helou et al. 1985). The q parameter has
been detemined by

q = log
( FIR

3.75 × 1012

)

− log
(

S1.4 GHz

)

, (3.3)
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where S1.4 GHz is the observed flux density at 1.4 GHz in units of W m−2 Hz−1 and

FIR = 1.26 × 10−14
(

2.58 S60 µm + S100 µm

)

, (3.4)

where S60 µm and S100 µm are the IRAS band flux densities in Jy (Yun et al. 2001). In general,
starburst galaxies show consistently high q-ratios. Lower values indicate that a large fraction
of the radio emission is powered by compact radio cores and radio lobes/jets, which leave
the infrared emission relatively unaffected. The sample of OH Megamasers shows a q-value
of 2.57±0.36, that is slightly higher than the values estimated for the 2 Jy (mean q-value of
2.34±0.01; Yun et al. 2001). Within the errors the estimate for the OH sample is in agreement
with values typically found in star-forming galaxies. Six of the objects in the sample have q ≥
3.0, indicating an infrared excess possibly associated with enhanced starformation or an dust
enshrouded AGN. Within the entire sample, no galaxy shows a q-value of ≤ 1.64, the cut off
used to indicate radio-excess in the 2 Jy sample (Yun et al. 2001). Such a definition excludes
at least one source of the OH-MM sample (IRAS 12540+5708 also known as Mrk 231),
where high resolution observations reveal a clear non-thermal radio component in the nucleus
(Ulvestad et al. 1999a). The use of the 4.8 GHz radio band and a different threshold of q<2.2
may identify an additional radio emission component (Condon et al. 1991). By assuming
a relatively flat radio spectrum between 1.4 and 4.8 GHz, seven OH Megamaser galaxies,
including Mrk 231, have q-values below the latter threshold indicating that a non-thermal
radio emission process is active in these sources.

Figure 3.5 − The infrared luminosity versus the radio luminosity (left) and the OH luminosity (right).
The solid lines display the estimated linear relation between these quantities. The relation between the
infrared and the OH luminosity is discussed in section 3.3. The dashed line in the right panel indicates
a slope of 2.29, which is on the order of the predicted slope between LOH and LIR proposed by the
classical OH Megamaser model (Baan 1989). Note that the relation between LOH and L60µm, which
is sometimes used in the literature, has a similar spread of data points and does not show a significant
difference to that between the LOH and LIR.
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Table 3.2 − Properties of the OH Megamaser galaxies. The individual columns are: Column 1: source name, Column 2: OH redshift, Column 3:
optical redshift, Column 4 & 5: ratios of 25, 60 and 100-µm IRAS bands [also figure 3.2], Column 6: infrared luminosity estimated from the 60 µm band
[equation 3.2], Column 7: infrared luminosity determined by a single black body fit, Column 8: infrared temperature estimated from the black body fit,
Column 9: infrared radius [Lang 1999], Column 10: OH efficiency range [equation 5.1], Column 11: radio luminosity at 1.4 GHz, Column 12: ratio of
the infrared to radio emission [equation 3.3], Column 13: apparent optical depth [equation 3.6], Column 14: infrared transition closest to the back body
emission peak [for numbering see figure 3.7]. Column 15: optical depth determined via equation 3.7 and 3.12 from the OH main-line ratio, where the
ratio is determined by the rate equation [equation 3.14].

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

00057+4021 0.04499 0.04466 0.081 1.038 11.18 11.49 68.0 90.7 −2.7 / −2.3 22.46 2.86 −0.551 14 −1.853
01364−1042 0.04864 0.04843 0.064 0.920 11.39 11.70 62.6 135.8 −3.1 / −2.6 22.86 2.68 −0.229 5 −2.251
01418+1651 0.02756 0.02744 0.075 0.943 11.20 11.51 63.9 105.1 −2.0 / −1.5 22.77 2.58 −1.489 5 −2.123
01562+2528 0.16616 0.16580 · · · 0.499 11.60 12.01 43.7 398.5 −2.5 / −0.0 · · · · · · · · · 8 0.013
02524+2046 0.18066 0.18150 · · · 2.000 12.75 13.04 81.1 378.4 −2.4 / −2.2 23.18 3.66 −1.393 18 −1.461
03260−1422 0.04275 0.04248 0.041 0.601 10.95 11.31 48.1 146.9 −2.8 / −1.2 22.61 2.56 −0.391 13 0.095
03521+0028 0.15181 0.15191 0.088 0.688 12.03 12.37 52.1 423.8 −3.3 / −1.9 23.50 2.73 −0.146 13 · · ·

03566+1647 0.13298 0.13350 0.354 0.308 11.36 11.96 35.7 564.9 −3.3 / 1.2 23.01 2.71 −0.133 10 −2.447
04121+0223 0.12205 0.12160 0.087 0.415 11.36 11.67 45.8 244.6 −2.9 / −0.6 22.97 2.68 −0.165 8 −0.172
04332+0209 0.01194 0.01194 0.285 0.496 9.90 10.32 43.8 56.7 −3.0 / −0.5 21.07 3.08 −0.504 8 −0.000
04454−4838 0.05309 0.05291 0.079 1.084 11.43 11.75 69.7 116.0 −1.7 / −1.4 · · · · · · · · · 14 −1.780
05100−2425 0.03332 0.03351 0.079 0.775 10.87 11.20 56.1 94.7 −2.8 / −1.6 22.65 2.41 −0.337 6 −5.973
06206−3646 0.11070 0.10804 0.052 0.854 11.64 11.95 59.5 201.9 −2.9 / −2.1 23.89 1.92 −0.103 17 −2.801
06487+2208 0.14349 0.14370 0.252 0.878 11.88 12.22 65.8 224.0 −2.6 / −2.1 23.66 2.38 −0.300 5 −1.979
07163+0817 0.11058 0.11070 0.300 0.651 11.28 11.63 51.2 186.6 −2.7 / −1.3 22.94 2.55 −0.244 13 2.600
08071+0509 0.05216 0.05220 0.085 0.652 11.32 11.66 50.5 200.4 −2.8 / −1.4 23.29 2.23 −0.251 13 1.260
08201+2801 0.16787 0.16800 0.138 0.819 11.77 12.09 59.0 239.9 −2.1 / −1.4 23.94 2.00 −0.448 17 −2.937
08279+0956 0.20822 0.20850 0.327 0.464 11.66 12.10 42.4 469.9 −2.6 / 0.2 23.37 2.56 −0.303 16 0.669
09039+0503 0.12582 0.12500 0.140 0.719 11.61 11.94 53.8 242.0 −2.7 / −1.5 23.27 2.53 −0.268 6 · · ·

09320+6134 0.03944 0.03939 0.090 0.570 11.48 11.85 46.8 290.1 −3.2 / −1.1 23.72 1.99 −0.082 8 −0.107
09531+1430 0.21493 0.21510 0.218 0.747 11.81 12.14 56.8 275.6 −2.6 / −1.7 23.35 2.65 −0.262 17 −4.442
09539+0857 0.12827 0.12900 0.102 1.377 11.62 11.95 77.9 116.7 −2.1 / −1.9 23.35 2.39 −0.598 18 −1.528
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Table 3.2 − continued.

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

10039−3338 0.03369 0.03410 0.124 1.115 11.24 11.57 72.6 87.0 −1.6 / −1.4 22.75 2.62 −2.113 14 −1.671
10173+0828 0.04910 0.04800 0.109 1.061 11.35 11.68 70.0 106.2 −1.8 / −1.6 22.69 2.80 −1.762 14 −1.767
10378+1109 0.13613 0.13624 0.103 1.256 11.87 12.20 75.7 165.1 −2.2 / −2.0 23.53 2.46 −0.689 18 −1.581
11010+4107 0.03486 0.03452 0.057 0.553 11.07 11.45 46.0 188.9 −3.0 / −0.7 22.93 2.37 −0.265 8 −0.166
11028+3130 0.19887 0.19900 · · · 0.709 11.86 12.19 52.6 339.2 −2.7 / −1.4 · · · · · · · · · 6 · · ·

11257+5850 0.01034 0.01041 0.224 0.966 11.27 11.62 70.7 97.3 −3.9 / −3.5 23.15 2.27 −0.030 14 −1.737
11506−3851 0.01034 0.01078 0.071 0.785 10.80 11.12 56.5 85.5 −2.8 / −2.0 22.39 2.58 −0.555 17 −4.895
11524+1058 0.17814 0.17840 0.154 0.701 11.67 12.00 53.1 268.6 −2.7 / −1.5 22.31 3.55 −0.248 6 · · ·

12005+0009 0.12166 0.12224 0.363 0.753 11.28 11.62 58.2 144.2 −2.6 / −1.8 23.11 2.36 −0.208 17 −3.270
12018+1941 0.16795 0.16865 0.212 0.992 11.95 12.30 72.2 205.0 −3.0 / −2.6 23.58 2.51 −0.159 14 −1.685
12032+1707 0.21655 0.21700 0.172 0.880 12.06 12.39 63.1 296.2 −2.1 / −1.6 24.44 1.79 −0.354 5 −2.196
12112+0305 0.07267 0.07300 0.060 0.852 11.89 12.20 59.5 268.3 −2.6 / −1.9 23.40 2.65 −0.622 17 −2.798
12162+1047 0.14596 0.14650 0.259 0.762 11.44 11.77 58.5 169.4 −2.8 / −2.0 23.14 2.48 −0.137 17 −3.136
12540+5708 0.04219 0.04217 0.271 1.056 11.98 12.37 79.0 184.2 −2.9 / −2.8 24.03 2.09 −0.139 18 −1.504
12549+2403 0.13210 0.13170 · · · 0.717 11.35 11.68 53.0 185.4 −2.9 / −1.6 · · · · · · · · · 6 · · ·

13218+0552 0.20437 0.20510 0.343 1.646 11.95 12.38 96.5 125.2 −2.6 / −2.5 23.59 2.45 −0.231 1 −1.243
13428+5608 0.03746 0.03778 0.105 1.017 11.72 12.04 68.0 170.0 −2.7 / −2.4 23.61 2.25 −0.301 14 −1.854
14043+0624 0.11312 0.11350 0.098 0.605 11.25 11.61 48.4 205.9 −2.8 / −1.2 23.51 1.96 −0.111 13 0.161
14059+2000 0.12424 0.12370 0.114 0.456 11.36 11.80 42.0 341.2 −2.2 / 0.6 23.34 2.30 −0.615 16 1.327
14070+0525 0.26605 0.26438 0.153 0.795 12.27 12.59 57.8 446.3 −2.4 / −1.6 23.89 2.55 −0.482 17 −3.458
14553+1245 0.12496 0.12490 0.117 0.757 11.38 11.71 55.6 174.3 −2.8 / −1.6 22.98 2.59 −0.191 6 · · ·

14586+1432 0.14804 0.14770 · · · 0.532 11.34 11.74 45.1 273.0 −3.0 / −0.6 · · · · · · · · · 8 −0.165
15065−1107 0.00606 0.00630 0.108 0.534 9.84 10.23 45.3 48.0 −3.5 / −1.1 21.42 2.66 −0.201 8 −0.172
15107+0724 0.01127 0.01300 0.037 0.705 10.77 11.10 52.6 96.1 −3.6 / −2.2 22.24 2.71 −0.176 6 · · ·

15224+1033 0.13439 0.13480 · · · 1.024 11.37 11.67 65.2 121.4 −1.9 / −1.4 · · · · · · · · · 5 −2.019
15247−0945 0.03976 0.04000 0.081 0.780 11.10 11.42 56.4 121.5 −2.5 / −1.4 22.76 2.52 −0.652 6 −5.171
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Table 3.2 − continued.

object z z f25µm

/

f60µm

/

L60µm LIRBB T radius eff Lrad q τapp lev τreq

[IRAS] [OH] [optical] f60µm f100µm [L�; [L�; [K] [pc] [W−2

log] log] [log] Hz−1]
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15]

15250+3609 0.05604 0.05538 0.182 1.233 11.58 11.93 79.3 111.2 −2.6 / −2.4 22.96 2.75 −0.676 18 −1.498
15327+2340 0.01792 0.01813 0.076 0.923 11.75 12.07 63.0 204.7 −2.7 / −2.2 23.32 2.59 −0.613 5 −2.205
15587+1609 0.13655 0.13750 0.131 0.905 11.39 10.90 46.7 96.9 −1.2 / 1.0 22.23 3.32 −0.798 8 −0.123
16100+2527 0.13356 0.13100 · · · 0.518 11.33 11.73 44.5 279.9 −2.9 / −0.5 · · · · · · · · · 8 −0.122
16255+2801 0.13368 0.13400 0.198 0.702 11.45 11.78 53.4 205.3 −2.4 / −1.2 21.93 3.71 −0.487 6 · · ·

16399−0937 0.02672 0.02701 0.136 0.638 10.99 11.34 50.0 140.9 −2.8 / −1.4 22.92 2.28 −0.310 13 0.852
17161+2006 0.10928 0.14770 · · · 0.532 11.34 11.74 45.1 273.0 −2.7 / −0.1 · · · · · · · · · 8 −0.165
17208−0014 0.04266 0.04181 0.053 0.892 11.96 12.27 61.2 275.3 −2.5 / −1.9 23.45 2.67 −0.877 17 −2.444
18368+3549 0.11619 0.11617 0.112 0.582 11.72 12.09 47.4 371.8 −3.1 / −0.9 23.73 2.22 −0.140 8 −0.035
18544−3718 0.07293 0.07342 0.116 0.728 11.42 11.75 54.1 191.9 −2.1 / −0.9 22.78 2.83 −1.263 6 · · ·

18588+3517 0.10569 0.10665 0.109 0.844 11.46 11.78 59.8 163.5 −2.5 / −1.8 23.09 2.55 −0.374 17 −2.710
20100−4156 0.12899 0.12958 0.066 1.012 12.19 12.50 66.5 302.2 −1.6 / −1.2 · · · · · · · · · 5 −1.934
20286+1846 0.13500 0.13475 0.271 0.412 11.47 11.95 40.1 441.1 −2.3 / 0.7 22.84 2.92 −0.796 16 · · ·

20450+2140 0.12808 0.12836 0.345 0.381 11.32 11.83 38.8 411.0 −3.1 / 0.8 23.15 2.48 −0.139 10 −4.429
20550+1656 0.03626 0.03610 0.180 1.256 11.46 11.82 79.8 96.1 −2.8 / −2.6 23.05 2.54 −0.388 18 −1.487
21272+2514 0.15021 0.15080 0.361 0.658 11.64 11.98 51.8 275.3 −2.1 / −0.8 23.21 2.63 −0.757 13 · · ·

22025+4205 0.01444 0.01442 0.077 0.691 10.53 10.86 52.2 74.4 −3.3 / −1.9 22.16 2.57 −0.195 13 · · ·

22055+3024 0.12664 0.12690 0.133 0.807 11.72 12.04 58.3 232.9 −2.7 / −1.9 23.26 2.64 −0.326 17 −3.215
22088−1832 0.17038 0.17020 0.133 1.001 11.95 12.28 68.4 221.3 −2.6 / −2.3 23.59 2.50 −0.307 14 −1.834
22116+0437 0.19407 0.19390 0.339 0.887 11.79 12.18 73.5 171.6 −3.0 / −2.6 23.75 2.20 −0.093 14 −1.643
22491−1808 0.07711 0.07776 0.101 1.221 11.75 12.08 74.8 147.2 −3.0 / −2.7 22.85 3.02 −0.347 14 −1.607
23028+0725 0.14853 0.14960 · · · 0.667 11.56 11.90 50.8 259.1 −2.3 / −0.9 · · · · · · · · · 13 1.739
23129+2548 0.17810 0.17900 0.072 1.106 12.02 12.33 70.1 224.4 −2.8 / −2.4 23.64 2.51 −0.232 14 −1.762
23135+2516 0.02700 0.02734 0.184 0.877 11.09 11.41 63.2 95.9 −3.9 / −3.3 22.71 2.54 −0.048 5 −2.186
23234+0946 0.12755 0.12790 · · · 0.740 11.65 11.97 53.9 251.0 −3.0 / −1.7 · · · · · · · · · 6 · · ·

23365+3604 0.06417 0.06448 0.114 0.847 11.70 12.02 60.1 212.7 −3.2 / −2.5 23.37 2.49 −0.174 17 −2.644
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3.3 Optical Depth, Saturated and Unsaturated Maser Emission

The detection of the exceptional extragalactic hydroxyl emission together with the char-
acteristic infrared excess of such galaxies, led to the formulation of a model for such
maser emission (Baan 1989). This classical model is based on low-gain amplification of
background continuum emission by unsaturated maser clouds. Radiative pumping by the
infrared radiation field provides the necessary excitation of the OH molecules for the maser
process. That such an excitation mechanism can play a crucial role has been indicated by
the clear difference in the infrared colors of the OH emitting and the OH absorbing galaxies
(Baan 1989). The OH absorbing galaxies show predominately cooler infrared colors than
the OH Megamaser galaxies. The first clear evidence that such pumping operates has been
indicated by the detection of the OH transition at 34 µm in absorption toward the prototype
OH-MM galaxy Arp 220 (Skinner et al. 1997). Furthermore, the model was capable of
explaining the roughly quadratic relation between the OH- and the infrared-luminosities,
already displayed by the earliest OH-MM samples (Martin 1989; Baan 1989). In the classical
model this relation can be understood by the contribution of both the infrared emission, as
indicative for the pumping mechanism, and the radio emission, which has a well-known
linear relation to the infrared emission. In the low-gain approximation, where exp(−τ )
reduces to τ and where τ is proportional to the infrared radiation field, the square relation
can be explained as ∼ τ × Lradio ∼ LIR × LIR. For the current sample of OH-MM galaxies
this relation is shown in figure 3.5 and can be explained by a linear regression such as
log(LOH) = (1.26 ± 0.18) log(LIR) − (12.61 ± 1.52). This slope is significantly different
from that predicted by the classical model in this sample of 1.99 ± 0.09; given the exponent
found for the relationship between the radio- and the infrared-luminosity of 0.99 ± 0.09 (see
section 3.2). However, a steeper than a quadratic relation can be obtained for the data in
figure 3.5 by excluding some of the outliers. Indeed, a relationship with an exponent of 2.29
(motivated by the classical model and shown by the dashed line in figure 3.5) is seen to better
describe the main body of the data points. Furthermore, when comparing the LOH/LIR-
with the Lradio/LIR-correlation in figure 3.5, the OH-IR panel shows a systematically higher
scatter of the data points across the entire luminosity range. This may indicate that the
OH-, the infrared-, and the radio-emission do not emerge from the same region as generally
assumed. If physical processes cause the discrepancy of the OH to infrared luminosity, a
more sophisticated model is needed to describe extragalactic OH emission. In addition,
biases due to selection effects cannot be ruled out on the basis of this data set.

The discrepancy in the slope of the OH and the infrared luminosities has also been evalu-
ated with an earlier sample of OH Megamaser galaxies. The difference has been interpreted
by neglecting the classical model and describing the discrepancy by either Malmquist bias or
by saturation effects in the maser emission itself, that may influence the general properties of
the sampled galaxies (Kandalian 1996; Darling & Giovanelli 2000).

The Malmquist bias effect accounts for the possibility that weaker objects at higher red-
shifts are being missed in a flux-limited sample. Such a bias has been shown to cause prob-
lems for galaxy samples and their correlations at the lower end of the luminosity range. In
this argument a crucial assumption is made, that there is an influence of missed sources on the
specific luminosity correlation at lower luminosities, because the luminosities are determined
by a flux-limited continuum emission component over a distinct frequency-range. For line
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emission, where the luminosity is determined by the peak flux and the line width, the effect
of Malmquist bias on the OH- and infrared-luminosity correlation is not known. Because
sources below a certain flux limit for the peak flux of the line still may vary significantly
in luminosity because of variations in the line width. That this effect plays a role may be
indicated by the fact that the most luminous OH-Megamaser galaxies also have the broadest
lines. Nevertheless, by assuming an average line width and an upper limits for the OH emis-
sion, the completeness of the current database can be tested. The calculations leading to this
V/Vmax test will be discussed in section 3.4. The test indicates that the current sample of
OH-MM galaxies is incomplete at various OH luminosities ranges (see figure 3.8). In order
to determine an unbiased estimate of the slope for the OH-, infrared-, and radio-luminosity
relations, sources with OH luminosities that are in the OH luminosity ranges where the sam-
ple is complete can be used (see table 3.3). The slope of the OH-infrared and radio-infrared
correlations is found to be 2.29±0.58 and 1.54±0.63 respectively. It should be noted that the
steepness of this last OH-infrared relation does represent the main body of the OH Mega-
maser sample much better than the linear regression curve that is shown in figure 3.5. The
method used here is less influenced by selection effects than the method to compensate for
Malmquist bias effect (see e.g. Kandalian 1996). Because the latter method uses the partial
correlation coefficient for the full sample of galaxies, which is known to be incomplete, and
assumes a strict correlation between the IR and OH luminosity, this approach would result
in a flattening of the slope of the OH-IR correlation (Darling & Giovanelli 2002a). Such
assumptions may be highly influenced by the emission processes of the maser itself and the
location of the infrared radiation field in the source. Therefore, this method provides a good
alternative for determining the line luminosity correlation. Summarizing, two different meth-
ods have been used to determine the OH-IR relation and they result in two different relations
between the quantities. Nevertheless, the specific OH-IR correlation is used in the literature
to indicate, whether the classical model can be used to explain the exceptional mega-maser
emission. Based on the methods presented, it is questionable if such a general statement can
be made. Independent of this discussion on the validity of the classical model for explaining
the observed properties, there is the discussion on the saturation of the maser emission, which
will require a more detailed discussion.

In general, the maser emission is unsaturated early on in the passage through the amplify-
ing molecular environment. This environment is being pumped at certain efficiency and will
amplify the approaching ensemble of maser photons with an exponential amplification factor
proportional to the path length. Once the number of maser photons exceeds the number of
excited levels the excess maser photons will not participate anymore in the maser process
and will fall off the amplification stream. At this stage, the maser emission is saturated and
amplification happens only linearly with the path length. For simplicity we consider here
only the stream towards the observer. By taking two streams into account (a receding and an
approaching stream in the line of sight towards the observer), the full maser problem cannot
be explained in full detail anymore, but it does reveal an important property that needs to be
taken into account when interpreting maser emission processes. After the maser saturates the
two oppositely directed streams are now coupled together, because the population depends on
the line emission and therefore the source functions are no longer independent along the path
(Cook 1977). If any background emission is present, the effects of saturation appear faster
and result in a shift of the region of saturation closer to the radio-continuum-emitting region.
The contrast in intensity between saturated and unsaturated maser emission in the presence
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of background emission has been evaluated and discussed in the literature (Elitzur 1990a,b;
Elitzur et al. 1991). Saturation in extragalactic OH sources may play only a minor role for
the overall OH emission of galaxies, as suggested by high resolution observations of a few
galaxies such as Arp 220, III Zw 35, IRAS 17208−0014, Mrk 231, and Mrk 273 where up
to 50 % of the single-dish maser flux density has not been detected and where therefore the
more diffuse maser components suggest unsaturated maser process. Nevertheless, saturation
cannot be generally ruled out and has been claimed to be present in filaments at parsec size
scales in three bright OH emitters such as Arp 220, III Zw 35, and IRAS 17208−0014 (Lons-
dale et al. 1998; Diamond et al. 1999). These authors argued for saturation on the basis of the
deduced amplification factor of the continuum emission. For optical depths or amplification
factors on the order of ln(τ )∼11 the masers are most likely saturated (Elitzur 1992a). How-
ever, the determination of the amplification factors requires a crucial assumption that may not
hold for high-resolution observations of the OH emission and will therefore be reviewed.

In order to distinguish between saturated or unsaturated maser emissions, the optical
depth or the maser amplification factor may be used in a manner where the emission or
absorption is independent of the line of sight. This is already a first assumption about the
unsaturated maser process (see e.g. Goss 1968; Lang 1999). For an isothermal emitting or
absorbing cloud, the solution of the radiative transfer equation is generally solvable and can
be written as follows in the Rayleigh-Jeans regime (k T >> hν) for a line emitting/absorbing
cloud:

Tline = Ω line
MB

[Ts − T2.7] (1 − e−τ(ν)total)

+ RΩ cont
MB

[Ts − T2.7 −Tcont] (1 − e−τ(ν)cont),
(3.5)

where Ts is the spin or excitation temperature, T2.7 is the temperature of the cosmic mi-
crowave background and Tcont is the radio continuum background temperature (Goss 1968).
Note that a change in the sign of the optical depth changes absorption into a maser pro-
cess. The optical depth τtotal and τcont varies with the covering factor of the clouds to
the continuum emission. To account for observational corrections, the beam filling factors
Ω(line or cont)/MB also including telescope efficiencies and the covering factor (R, is the frac-
tion of the source covered by the OH clouds) must be taken into account. Note that in the
absence of continuum emission Ωcont = 0. In the particular case of an interferometric mea-
surement with a few baselines, the beam filling factors may also account for the spatial sen-
sitivity of the interferometer as determined by the array spacing of the individual telescopes.
The spatial sensitivity of such an array is a potential source of confusion when deriving the
amplification factor from the continuum and the maser emission in high-resolution observa-
tion.

For the basic assumption where the line- and continuum-emission emerge from the same
region or structure, the apparent optical depth or the amplification factor can be estimated
via:

τapp(ν) = −ln
( Tline

2 Ts − 2 T2.7 − Tcont

)

(3.6)

where Ts and T2.7 are generally neglected. Although VLBI observations are not sensitive to
the 2.7 K background and the low spin temperature, the basic assumption used to estimate the
optical depth is highly critical for VLBI measurements. The different covering factors and
the spatial sensitivity of the array may result in a negligible or non-detection of continuum
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emission from larger structures and would lead to wrong conclusions of the amplification
nature of the maser feature. That this effect play an important role has been made clear
with the HI absorption observations with the VLA toward Sgr A, where absorption with no
continuum emission has been detected (Liszt et al. 1983). When determining τapp, it should
be noted that the contribution of the cosmic background emission in a single telescope cannot
be neglected and is on the order of a few mJy. In the estimates presented here of the apparent
optical depth (see table 3.2) the continuum emission is determined from the NVSS catalogue,
which is not influenced by any contribution of the 2.7 K background emission, and from the
line emission determined from single dish measurements, which is influenced by the cosmic
background emission. Therefore, the factor 2 for the cosmic background temperature in
equation 3.6 and the spin temperature has been neglected by the determination of this value.

The systematic errors introduced by different covering factors of the line and the contin-
uum emission can be compensated by using another method to estimate the optical depth. If
molecules or atoms show multiple transitions either in emission or in absorption, the indi-
vidual line properties can be used to determine the optical depth. Here we may assume that
the individual lines emerge from the same region, that the spin or excitation temperatures
for the individual hyperfine levels are equal, and that the influence of background continuum
emission is negligible. Based in these assumptions the equation 7.1 for each transition results
in the following ratio for the OH main-line emission:

(Tline67

Tline65

)

=
1 − e−τ(v)67

1 − e−τ(v)65
, (3.7)

where the ratio on the left side is directly related to the measurements of the line emission.
To solve this equation requires a relation between the optical depths of both main lines. This
relation can be obtained from the solution of the radiative transfer equations by assuming
a system with only an (u)pper and a (l)ower level. The solution of the radiative transfer
equation for optical thin emission can thus be written as:

τl(v) =
1

8π

c2

ν2
lu

gu

gl
Aul Nl (1 − e

−
h νlu

k Tsul )
[ G(v)√

2π σul

]

, (3.8)

where Aul is the Einstein coefficient for the appropriate transition, g is the corresponding
statistical weight, and Nl is the population of the related levels. Note that the factor in the ex-
ponential functions in equation 3.8 is the correction factor for stimulated emission under the
assumption of local thermodynamic equilibrium (LTE). Furthermore, the motion of the indi-
vidual particles needs to be described, which introduces an additional value to the intrinsic
line width of each transition. The spread in velocity G(v) may account for both effects and
can be described by a Gaussian-shaped profile, where σul accounts for the line dispersion. In
order to find the relation between the optical depth of both OH main-lines, the equation 3.8
first needs to be written for each line separately after which both equations can be combined.
Hereby an equal excitation temperature (Ts) has been assumed for the four OH ground levels
and also that the term exp(−h ν21/k Ts) ∼ 1 has no influence onto the main-line relation (the
levels 2 and 1 are the energetic lowest states of the hydroxyl molecule see figure 3.7). The ra-
tio of the optical depths of both main-lines can be obtained by two alternative determinations:
1) by integrating equation 3.8 in velocity for each individual transition separately, which may
introduce systematic errors, or 2) by following the solution shown in equation 3.11. As
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already mentioned, integrating in velocity or frequency across the line shape introduces sys-
tematic errors, because it is expected that the OH Megamaser emission traces the nuclear
kinematics of the galaxies, indicating that the optical depth changes for each individual tran-
sition at a specific velocity. By taking the specific line shapes into account, the two Gaussian
functions do not cancel each other. Nevertheless, by solving:

τ67(v)

τ65(v)
=

ν31

ν42

g4

g2

A42

A31

σ31

σ42
e−(

v−v67
2 σ67

)2+(
v−v65
2 σ67

)2 (3.9)

one can find a velocity:

v =
σ2

67v65 − σ2
65v67

σ2
67 − σ2

65

±
√

(σ2
67v65 − σ2

65v67

σ2
67 − σ2

65

)2

− σ2
67v

2
65 + σ2

65v
2
67

σ2
67 − σ2

65

(3.10)

for which the ratio of both lines is unity. By assuming that v65 = v67 + ∆v, this specific
velocity is determined by:

v1/2 = v67 + ∆v
[

a ±
√

a (a − 1)
]

,where a =
σ2

67

σ2
67 − σ2

65

. (3.11)

In general, the solution for the velocity will introduce offsets, which are mostly in the wings
or are not related to the second line and are therefore most likely resulting in a wrong de-
termination of the ratio of the optical depths. Nevertheless, the general practice is to use the
individual line peaks without taking into account the dispersion (Henkel & Wilson 1990).

τ67(v67)

τ65(v65)
=

ν31

ν42

g4

g2

A42

A31

{σ31

σ42

}

(3.12)

This ratio represents the LTE ratio of the OH main lines with a value of about 1.8, if one
neglects the factor in the curly brackets. Finally, once the relation between the optical depths
of both main lines has been determined, the optical depth of one line can be determined by
inserting equation 3.12 into equation 3.7 and numerically solving the resulting equation.

Once the optical depth has been determined a lower limit to the OH column density can be
determined by equation 3.8, where the normalization factor (

√
2π σul) of the Gaussian line

shape has been neglected. A lower limit of the OH column density can then be determined
by:

NOH

Ts
=

[

8π
k

c hA42

(Σ gi e
−

hνi
k TSi )

g42 e
−

hν67
k TS67

]

|τ67(v67)| (3.13)

where the factor in the round brackets has been neglected. Note that c is in km s−1 and the
integration is performed in cm along the line of sight, giving the column density in cm−2.

In general, an accurate determination of the column density requires that the factor in
the round brackets, which is the partition function, be taken into account. These functions
describe the sum over all discrete energy levels (i) in a molecule or an atom. For diatomic
molecules like the hydroxyl molecule, the calculated partition function shows larger val-
ues for increasing temperatures (Tatum 1967), because in a hotter environment the energetic
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higher levels will be more populated. Assuming upper limits for the temperatures of about
7000 K and 1000 K of the ISM, the partition function of the OH molecule is on the order of
2861 or 151.1, respectively (Tatum 1967). It should be noted that even at high temperatures
hydroxyl may still be abundant, because the dissociation energy of OH is 4.395 eV, which
translates to an equivalent temperature of 51003 K. Nevertheless, various values have been
published for the OH column density in the literature by taking only the different weights of
the individual hyperfine levels of the lowest state into account. For comparison, the factor in
the squared bracket in equation 3.13 is 1.939×1015 at 1720 MHz, 2.223×1015 at 1667 MHz,
4.006×1015 at 1665 MHz, and 2.069×1015 at 1612 MHz, respectively. These values are
about a factor 10 or 200 lower as compared with those based on the partition function for
1000 K or 7000 K respectively.

To estimate the column density of the OH galaxies in the sample of table 3.2, the
partition function for a temperature of 1000 K has been assumed together with a spin
temperature on the order of 44 K for the levels of the ground state (the method of measuring
the spin temperature can be found in Henkel et al. 1986). These assumptions lead to a
multiplication factor for the optical depth of 9.254×1016 for the 1667 MHz transition.
The column densities of the Megamaser galaxies have been determined from the estimates
of the apparent optical depth (see table 3.2). For the sampled OH galaxies the column
density ranges between NOH= 2.77×1015 and 1.96×1017 cm−2. These estimates may
be compared with other tracers such as HI or CO which has been measured for few OH
Megamaser galaxies. For these galaxies the derived OH abundance is sometimes larger
than the abundance seen in Galactic sources (Duley & Williams 1984). For example, in the
particular source IRAS 12540+5708 a HI column density of NHI= 1.5×1019 cm−2 has been
derived by assuming a spin temperature of Ts= 100 K (Carilli et al. 1998). In combination
with the OH column density this results into a relative abundance of OH/HI = 0.000377. By
further assuming a relative H2 to HI abundance of 20, the source IRAS 12540+5708 shows
up to three orders of magnitude higher OH densities than seen in Galactic sources (Güsten
1989; Duley & Williams 1984).

It has been shown in the previous sections that the assumptions used to determine the optical
depth are critical for interpreting the nature of the underlying maser process and that system-
atic errors are most likely. The clearest distinction between unsaturated and saturated maser
features is the rate of the stimulated emission compared to the rate at which the levels are
pumped or populated. If saturated, the maser emission depends on the specific geometry of
the maser feature and depends strongly on the pumping scheme (Elitzur 1992a). Taking the
full geometry into account a sophisticated ray-tracing program for the infrared and for the
OH emission is needed to evaluate the detailed maser process. Since high resolution obser-
vations of the OH emission indicate that saturated maser emission may give only a minor
contribution to the total maser luminosity, this approach has not been followed here.

Instead, two possible approaches are presented, that use the integrated infrared emission
of the galaxy in order to evaluate the nature of the OH maser process. The first approach is
to evaluate the pumping scheme of the OH molecule and the second is to use the pumping
efficiency. The general assumption made in both approaches is that all transitions in the
infrared and radio are optically thin. To evaluate the pumping scheme of the OH molecule, the
influence of the infrared emission on the population of the individual levels of the electronic
ground state has been examined (see figure 3.7). The assumption used is that only 36 levels
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of the OH molecule are populated by the infrared emission following the selection rules for
dipole transitions. A Planck spectrum of a single black body of a certain temperature best
describes the infrared emission. The populations in each of the individual 36 levels have been
determined by solving the individual rate equations of each level. Population of these levels
happens by excitation via the estimated infrared lines strength (infrared pumping) and by de-
excitation from energetically higher levels (see figure 3.7). Furthermore, the loss rate of the
individual levels is determined by spontaneous de- excitation and by the infrared pumping
of energetically higher levels. The steady state rate equation of the level 2Π3/2 J=5/2(2+)
is shown to illustrate how the individual level populations of the entire system have been
calculated:

[

B1−5 ∗ UIR ∗ n1 + B2−5 ∗ UIR ∗ n2 + A8−5 ∗ n8 + A7−5 ∗ n7+

A18−5 ∗ n18 + A14−5 ∗ n14 + A13−5 ∗ n13+

+A24−5 ∗ n24 + A23−5 ∗ n23 + A26−5 ∗ n26

]

−
[

A5−1 + A5−2 + A5−8 + A5−7 + B5−18 ∗ UIR+

B5−14 ∗ UIR + B5−13 ∗ UIR + B5−24 ∗ UIR + B5−23 ∗ UIR+

+B5−26 ∗ UIR

]

∗ n5 = 0

(3.14)

where A, B are the Einstein coefficients, n is the individual level population divided by the
weight (ni = Ni/(2 gi + 1)) and UIR is the black- body infrared emission. The individual
levels labelled for both rotational ladders are labelled as: 2Π3/2; 1 – J=3/2(1−), 2 – J=3/2(2−),
7 – J=5/2 (2−), 8 – J=5/2(3−), 18 – J=5/2(2−), 17 – J=5/2(2−), and 2Π1/2; 14 – J=3/2(2−),
13 – J=3/2(1−), 24 – J=5/2(3−), 23 – J=5/2(2−), and 26 – J=7/2(3−). These transitions follow
the dipole transition rules ∆F=0,±1 that also include parity changes (see figure 3.7).

The dependence with temperature of the main-line ratio or the level population of the ground
state is shown in figure 3.6. Such variation may be understood from the fact that the peak
emissivity of the Planck spectrum changes with temperature and that therefore different in-
frared pump-transitions are enhanced. For the OH Megamaser sample these individual tran-
sitions are presented in table 3.2. For the sample galaxies it is found that transitions 6, 9,
13, 14, and 17 predominately determine the different level populations (see figure 3.7 for
the numbers decoding). To compare the estimates for the level population with the observed
quantities in the OH- MM galaxies, the optical depth needs to be calculated on the basis of
the spontaneous emissivity of the levels 2Π3/2 J=3/2(2+) and J=3/2(1+) and by using equa-
tion 3.7 and equation 3.12. The calculated optical depth τreq and the apparent optical depth
are presented in table 3.2. For IRAS 02524+2046 and IRAS 10173+0828 these values are
similar to within a few percent. For the other sources in the sample the estimated optical depth
is not comparable with the apparent optical depth. When comparing these optical depths, one
has to take into account that the apparent optical depth may be strongly affected by the as-
sumption that the continuum and line emission do not emerge from the same region. The
ratios of the main lines and their optical depths have been published for a small sample of
OH emitters (Henkel & Wilson 1990). Within that sample only IRAS 17208−0014 can be
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Figure 3.6 − Left panel: Optical depth (points) and main-line ratios (solid line) determined by solving
the steady state rate equation for 36 levels with an increasing black-body temperature. Right panel:
Histogram of the upper limits (grey) and the lower limits (transparent) of the conversion efficiency
from infrared photons to maser photons in the OH Megamaser galaxies.

described by the infrared pumping process. For the rest of the sample of extragalactic OH
emitters, the maser emission cannot be explained only by infrared pumping.

In addition to the estimated optical depth for the individual galaxies based on black
body temperature from the IRAS fluxes, the OH pumping scheme has also been evaluated
for black-body temperatures ranging up to 1000 K. The level populations and optical depth
of the OH main-line emission (1667 MHz) for the OH-MM sample have been estimated
for several temperatures and are presented in figure 3.6. These results provide a new view
on the interpretation of the dusty environment where OH maser emission takes place. The
line ratio and the optical depth show an almost symmetric behaviour in the range 50 to
200 K. At lower and higher temperatures these estimates change rapidly within a narrow
temperature band with width ∼16 K, while further outside this range the optical depth and
line ratios show no dramatic changes. Within these bands (40 – 56 K; 202 – 219 K) the level
population shows non-linear behaviour of the individual levels indicating either absorption
(negative level population) or a ratio below the LTE value of 1.8 (see equation 3.12). It
is noteworthy that a small fraction of the OH-MM sample and a larger fraction of the OH
absorber show temperatures within this specific lower band. In addition, in this temper-
ature band sources with variable maser emission have been reported that could indicate
interplanetary scintillation or may trace small changes in the temperature of the ISM (e.g.
IRAS 21272+2514 Darling & Giovanelli 2002b). Due to the functional symmetry of the
optical depth in the range of both bands, two different temperatures can produce similar OH
emission strengths. Such a result complicates the interpretation of the location of the OH
maser emission in clouds, because the envelope shows temperatures ranging up to a few
tens of Kelvin while the cloud-core covers a temperature range of 30 – 200 K (Lang 1999).
Also the interpretation of the circum-nuclear dusty environment traced by maser emission
can be more complicated, because the maser emission may be emitted from two regions
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Figure 3.7 − Lower hyperfine levels of the OH rotational ladder of the electronic ground state (2Π).
J is the rotational angular momentum due to the nuclear motion (rotation). The λ-doubling causes a
splitting of the J states, in which the energetic higher levels have a electron distribution along the axis
of the molecular rotation, and the energetic lower levels have distributions in the plane of rotation.
The quantum number F indicates the hyperfine splitting due to the spin flip of the H atom. Solid lines
indicate main-line transitions (∆F= 0) in the hyperfine levels and dashed lines the satellite transitions.
The solid, dashed, and dotted lines indicating the dipole transition rules (∆J = ±1, 0, ±1) connecting
the rotational levels of the ground state.
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within the molecular environment with different properties. In the case of extragalactic
emitters, a fraction of the OH could be placed closer to the nuclear core of such galaxies in
a dusty environment with temperatures in the range of a few hundred Kelvin (Pier & Krolik
1992; Nenkova et al. 2002), while the other fraction is placed at larger scale sizes in a dusty
environment with temperatures around 60 K.

A further indicator of saturation effects in the maser process is the conversion of infrared
photons to emitted maser photons. A lower threshold for the OH pumping efficiency can be
estimated from the following ratio:

POH =
LOH × rIR
LIR × rOH

, (3.15)

where LOH and LIR are the luminosities and rFIR and rOH are the ranges (either in Hz or
km s−1) covered by the entire emission. For the compiled sample, the 1665 MHz main line
has not been evaluated and the efficiencies have been calculated only on the basis of the
1667 MHz line characteristics. Therefore, the lower limit of the conversion efficiency listed
in table 3.2 may be too large by a factor of 2, if one assumes that the 1665 MHz line emission
covers a similar velocity range. An upper limit for the efficiency can be determined from the
ratio of the maximum infrared flux at the specific pump transitions listed in table 3.2 to the
maximum peak flux of the OH emission line. Here one must assume that at least one of the
OH levels (see figure 3.7) needs to be populated by the infrared emission. For the sample
it is found that six of the OH galaxies show OH emission pumped at an efficiency larger
than unity. These sources also exclusively show colder infrared spectra with temperatures
below 47 K. The upper and lower limits of the conversion efficiency are shown in figure 3.6
exclusive of the six colder sources. The majority of OH Megamaser galaxies convert between
0.2 % to 1.4 % of the infrared photons into maser photons. Apart from these six sources with
conversion efficiencies of about unity, the sample galaxies have conversion factors of a few
percent indicating that the maser emission is caused by an unsaturated maser process (Elitzur
1992a).

3.4 The Luminosity Function

Ultra-luminous infrared galaxies are thought to represent an intense starburst phase during a
merging sequence of spiral galaxies as part of their evolution to eventually become an optical
quasi stellar object (Sanders et al. 1988; Sanders & Mirabel 1996). Early stages of the merger
involve molecular cloud collisions, which lead to a funnelling of the gas into the merger nu-
cleus. Enhanced star formation has been shown to be initiated during the second encounter of
the merging galaxies (Gerritsen 1997). Since the hydroxyl emission in the Milky Way is as-
sociated with star forming regions, the OH Megamaser emission could emerge from regions
of enhanced star formation and therefore may trace the initial sequence of merging galaxies.
This evolutionary phase may be critical for OH hosting galaxies as compared with differently
sampled galaxies. Therefore, the luminosity function (LF) of the OH galaxies should be cal-
culated in order to determine the frequency at which galaxies of certain intrinsic luminosities
are found in space. Several procedures for determining the LF have been proposed and can
be found in the literature leading to remarkably consistent estimates (Felten 1977). The lu-
minosity function of the OH-MM galaxies will be used here in order to evaluate possibly
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different cosmological evolution scenarios with respect to the infrared selected samples of
which the OH-MM are a partial sub-sample. The luminosity function will be calculated on a
similar basis as that of the 2 Jy-IRAS sample (Yun et al. 2001). The OH Megamaser galaxy
sample used to calculate the V/Vmax test and the luminosity function are selected on the basis
of their trust factors (> 0) and their luminosity (> 1 L�) as listed in table 3.2.

The space density of the OH Megamaser galaxies has been calculated in luminosity in-
tervals of 0.35 magnitudes (∆L) using the following expression:

ρ
∆L

(L) =

N(∆L)
∑

i=1

( 1

Vmax

)

i
, (3.16)

where

σρ
∆L

(L) =
(

N(∆L)
∑

i=1

( 1

Vmax

)2

i

)1/2

(3.17)

determines the uncertainties. The area covered on the sky and the luminosity limits determine
the maximum volume (Vm) sampled in each luminosity bin. The luminosity is limited by
the assumed flux limit of 1 mJy and a line width of about 171 km s−1, which accounts
for the mean of velocity dispersion (FWHM) of the entire OH-MM sample. The selection
criterion for these sources is based on the OH appearance and not on a blind flux-limited
survey, which could be a source of systematic errors resulting in too large a maximum survey
volume. Such an effect would cause incompleteness of the sample database and has been
evaluated by the V/Vmax test. The area covered by the survey is assumed to be similar to the
IRAS coverage, because the OH Megamaser galaxies represented a sub-sample of the IRAS
sources. Furthermore, the majority of detection experiments in search of OH emitters has
been based on IRAS catalogues. The resulting volume of the sample survey can be determine
by:

volume = 0.82 ×
[

(

∫ D1

0

r2dr +

∫ D2

D3

r2dr)

∫ 2π

0

dρ

∫ +90◦

−40◦

cos(δ)dδ
]

. (3.18)

The exclusion of the galactic plane and of the areas omitted by the IRAS redshift survey
results in a missing factor of 0.18 in the above equation. By estimating the maximum volume
or distance at which each source can still be detected, the volume is restricted by the limitation
caused by the galactic HI, which is accounted for by the different integration ranges for the
distance (D1 – D2). Therefore, the redshift range between 0.191 and 0.157 is excluded from
the volume, where the hydroxyl lines are shifted into the frequency range covered by the
galactic HI and can not be discriminated (Kalberla private communication; Hartman 1994).

The V/Vmax-test is a direct method to investigate the uniformity of the distribution of objects
in space (Schmidt 1968). Considering a galaxy with a luminosity of L ∼ r2 S ∆v at a dis-
tance r, with a flux density S, and with a line width of ∆v, then the quantity V/Vmax describes
the completeness of the sample, where V is the volume of space enclosed by the survey and
Vmax is the volume of space within which this source would still be included into the sample.
The value of V/Vmax would then range between 0 and 1, if the sources have constant co-
moving number densities. For a survey of extragalactic objects, the statistics of a complete
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Figure 3.8 − Left panel: OH luminosity function of the OH Megamaser galaxies with luminosities
larger than 1 L� is well described by a Schechter function. Right panel: The V/Vmax test for the same
sample suggests that the lower luminosity bins are not well sampled and therefore suffer from incom-
pleteness. For an equal number of uniformly distributed galaxies a value of 0.5 with an uncertainty
of ±0.03 is expected in each bin. The uncertainties result from the assumption that the probability
distribution for the galaxy sample approaches a Gaussian distribution (Longair 1998; Peacock 1999).

sample are often limited and therefore the test may be used to estimate the completeness of a
survey sample. The estimates of the V/Vmax-test are listed in table 3.3 and are displayed in
the right panel of figure 3.8. The displayed values show that especially at lower luminosities
the OH-MM database is not uniformly distributed. Since the sample of the OH emitters is
most likely incomplete, the V/Vmax-test indicates the luminosity ranges over which the sur-
vey is incomplete and reveals local density enhancements of the sampled galaxies. The effect
of incompleteness in the lower luminosity range may also be caused by two sample sources
at extreme redshifts. Because the volume boundary of the sample Vmax is determined by
the maximum redshift of one of these sources with an almost Giga-maser luminosity, which
possibly causes an under- sampling of the tested volumes at lower luminosities. Furthermore,
the test indicates a range at intermediate luminosity where the sampled galaxies derive from
the uniform distribution; this effect may be related to the enhanced maximum volume or it
has a yet unknown reason. When evaluating the sample of OH-MM galaxies at other wave
bands, the incompleteness at these luminosity ranges needs to be taken into account when
concluding on the general properties of the sample.

The computed OH LF is presented in table 3.3 and is displayed in figure 3.8. Unlike
recent determinations of the OH LF, the current sample of OH galaxies shows the special
characteristic of a Schechter function (Darling & Giovanelli 2002c). The difference with
published results is that the current survey includes all OH galaxies, whereas the previous
reported LFs used a sample of OH emitters selected from the PSC catalogue on the basis
of their infrared emissivity at 60 µm (Saunders et al. 2000; Darling & Giovanelli 2002c).
The LF based on this selection criterion has been approximated by a power law fit to show
the evolutionary characteristics of OH galaxies (Darling & Giovanelli 2002c). In order to
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log(LOH) log(ρOH) log(σρOH
) (V

/

Vmax) ∆(V
/

Vmax) log(ρ60µm) log(ρ1.4GHz)
[L�] [Mpc−3 [Mpc−3 [L�] [W Hz−1]

[ mag−1] mag−1]

0.214 -5.77 -5.77 0.00 0.00 9.84 21.42
0.564 -6.52 -6.52 0.00 0.00 9.90 21.07
0.914 -6.50 -6.74 0.00 0.00 10.79 22.37
1.264 -7.31 -7.44 0.00 0.00 11.07 22.90
1.614 -7.21 -7.69 0.12 0.05 11.20 23.00
1.964 -7.65 -8.18 0.18 0.06 11.41 23.02
2.314 -8.25 -8.75 0.35 0.11 11.54 23.10
2.664 -8.62 -9.13 0.38 0.12 11.68 23.27
3.014 -9.22 -9.72 0.49 0.17 11.70 23.34
3.364 -10.00 -10.38 0.27 0.07 11.85 23.34
3.714 -11.35 -11.47 1.00 0.63 12.23 23.89
4.064 -12.19 -12.19 0.50 0.25 12.06 24.44

Table 3.3 − Luminosity functions of the selected OH Megamaser galaxies. The errors of the V/Vmax

test correspond to N
1
2 . Note that the zero values in the table account for values below the decimal

cut-off.

compare current results with those presented earlier, a power law fit has been performed
by only using values of the LF with log(LOH) ≥ 1.614 (see table 3.3) resulting in a best
fit of log(ρOH) = (−2.01 ± 0.16) log(LOH) − (3.59 ± 0.48). Since the determination of
the LFs depends on the magnitude bins used, a comparison of the LF quantities require a
correction by a factor of 3.5 in order to convert into an LF with the more generally used
magnitude bins of one dex. Note than this correction only affects the number density, which
results in a change of the intercept point of the linear regression to −4.13 and no change
in the slope of the regression curve as assumed in earlier publications (Baan 1991; Darling
& Giovanelli 2002c). By applying these corrections, the current estimates do not conform
with the values found for the published luminosity evolution and the number densities of
OH Megamaser galaxies (Darling & Giovanelli 2002c); instead the values found here are
systematically lower.

Nevertheless, it is questionable whether a power law fit to the data accurately reveal the
LF parameters. Therefore, the data points may be better described by a Schechter function
(Schechter 1976)

ρ(L) dL = ρ∗
( L

L∗

)α
exp(− L

L∗
) d

( L

L∗

)

, (3.19)

where ρ∗ is the characteristic density of 1.41 × 10−9 Mpc−3 mag−1, L∗ is the characteristic
luminosity of 1023.72 L� representing the break in the LF, and α = −1.069 describes the
faint-end power-law slope. This particular Schechter function is shown in figure 3.8. A good
reason to consider a Schechter function is that it provides a robust description of the optical
LFs of field galaxies and galaxy clusters. Furthermore, if star formation activity is an integral
part of the galaxy evolution and reflects the nature of the host galaxies, then the Schechter
function should also offer a good description for the OH-MM luminosity function.
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Figure 3.9 − The infrared luminosity functions (LF) of OH and infrared samples of galaxies. In
the upper panel the filled squares indicate the LF of the OH Megamaser galaxies and the open circles
indicate the LF deduced from infrared selected galaxies (2 Jy sample by Yun et al. 2001). Individual
lines represent Schechter functions for the 2 Jy sample for a single fit (in gray), a low-luminosity fit
(dotted), and a high-luminosity fit (dashed). The solid line represents a modified Schechter function of
the high-luminosity fit of the 2 Jy sample, with a reduced characteristic luminosity and characteristic
density that characterizes the OH LF. In the lower panel the difference between the LFs of the two
samples is presented that shows a mean value of −2.4 ± 0.8. Note that in this panel the highest value
of the LF is excluded, because of the way this subtraction has been performed. The systematic error for
the OH sample along the horizontal axis is of the same order as the error found in the vertical direction;
these errors result from the manner in which these LFs are calculated.

In addition to the OH-MM LF, the radio- and the 60 µm - LF have been calculated to
compare the OH sample with the 2 Jy sample of infrared-selected galaxies (Yun et al. 2001).
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Figure 3.10 − The radio luminosity functions (LF) of OH, infrared and optically selected samples
of galaxies. The filled squares indicate the LF for the OH Megamaser sample, the open circles the
LF for the infrared selected 2 Jy sample and the open squares the LF for the optically selected UGC
galaxies (Yun et al. 2001; Condon 1989). The individual lines represent Schechter functions to the 2 Jy
sample for a single fit (in gray), a low- luminosity fit (dotted), and a high-luminosity fit (dashed). The
solid line represents a modified Schechter function of the high-luminosity fit of the 2 Jy sample, with a
reduced characteristic luminosity and characteristic density that characterises the OH-LF. In the lower
panel the difference between the luminosity function of the OH and the 2 Jy sample is presented, which
shows a mean value of −3.0 ± 0.8. The highest value has been excluded here, because of the way this
subtraction has been performed. Note that the systematic error in the OH-LF along the horizontal axis
is of the same order as the error found in the vertical direction; these errors result from the way these
LFs are calculated.

Deriving the LF in the radio and at 60 µm for the same sample is not a straightforward
procedure, because the volume sampled by the OH emission does not relate directly to that of
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the radio or the infrared luminosities. The approach taken here is that the means of the radio
and infrared quantities of these sources in each OH luminosity bin are used to determine the
radio- and 60 µm- luminosity function. Here it has been assumed that the radio and infrared
luminosities corresponding to the OH luminosity of each sample galaxy contribute similarly
to the local number density at their respective OH luminosity bin. The error produced by
these estimates has an influence on the estimates of the luminosity function at the lower
luminosities and therefore only affects the break luminosity rather than the characteristic
space density. The luminosity functions in the infrared and the radio are presented in table 3.3
and are displayed in figure 3.9 and 3.10. In addition to the radio LFs of the OH emitters and
the 2 Jy sample presented in figure 3.10, the LF of an optically selected sample of UGC
galaxies including starburst and monster galaxies has been added (Condon 1989). In general,
the LFs traced by the OH emitters in these emission bands do not coincide with the LFs of
the other surveys. The various Schechter functions presented in the figure 3.9 and 3.10 are
evaluated in the same way as the LF of the 2 Jy sample, whereby the infrared- and radio
LFs are linear combinations of two Schechter functions describing field galaxies and the
additional starburst population (Yun et al. 2001).

The infrared LF of the OH sample does not clearly support a second population different
from the one describing the 2 Jy sample (Yun et al. 2001). Instead it can be best fitted by
the Schechter function of the 2 Jy sample fitted to the high-luminosity population with a
reduced characteristic luminosity and density. The Schechter function of the high-luminosity
population is determined by ρ∗ = 2.21 × 10−6 × (2.5/3.5), where the factor in brackets
accounts for the difference in magnitude bins, L∗ = 21.69 × 1010 L�, and α = −0.821
(Yun et al. 2001). In order to use this function to describe the LF of the OH sources, the
specific density needs to be reduced by a factor of 15 (e.g. set ρ∗/15 in equation 3.19) and
the break luminosity needs to be reduced by a factor of 1.41 to L∗ = 15.38 × 1010 L�.
In addition to the similarity of the Schechter functions, the LF of both samples has been
subtracted and the fraction is shown figure 3.9. The fraction is roughly constant at lower
luminosities of log(ρ60µm) > 11.8 L�, at which point there is a clear change in both LFs.
The average difference between the two LFs has a mean value of −2.4±0.8, which accounts
for a fractional space density of 2.5 % to 0.06 % of the OH relative to the infrared galaxy
population.

The derived OH-LF in the radio at 1.4 GHz is shown in figure 3.10 and reveals a less
smooth LF than in the infrared band. In addition to the OH-LF, LFs of the 2 Jy sample and of
an optically selected sample of UGC galaxies that includes starburst and monster galaxies are
also shown (Condon 1989). The LF of the normal starburst galaxies is found to be in good
agreement with the LF of the infrared sampled galaxies. Remarkably the LF of the UGC
sample between 1023 W Hz−1 and 1025 W Hz−1 shows two different populations. An LF
comparable to the 2 Jy LF possibly indicates a starburst population, whereas an LF with con-
stant and distinctly higher space densities may reveal a population of monsters. The OH-LF
reveals a similar trend at luminosities larger than ∼ 1023 W Hz−1, where the LF falls off and
cannot be described anymore by the Schechter function. The OH-LF at this luminosity range
is similar that of the infrared selected sample and has an even more reduced space density
and a clear cut-off due to the radio luminosity produced by star formation (see the residual
LF in figure 3.10). Such an effect may indicate that galaxies with enhanced radio emission,
which presumably emerges from the nuclear region, could have blown away most of the dusty
circum-nuclear environment resulting in a strong reduction of the emissivity in the infrared



3.5. Conclusions 61

band. Nevertheless, the OH-LF at lower radio luminosities shows comparable values as the
2 Jy sample. Therefore, the Schechter function of the high-luminosity population of the 2 Jy
sample can also be used to describe the radio-LF of OH emitters. Like in the infrared bands,
the specific characteristic luminosity and density of the Schechter fit needs to be modified.
Published characteristics of the Schechter function of that population show a luminosity break
of L∗ = 14.43 × 1022 W Hz−1, a density of ρ∗ = 8.3 × 10−6 × (2.5/3.5), where the factor
accounts for the different magnitude bins, and a slope of α = −0.633 (Yun et al. 2001).
The OH-LF can be described by using similar modifications as for the infrared band and by
reducing the density ρ∗ = 8.3 × 10−6 by a factor of 15 and L∗ = 3.5 × 1022 W Hz−1 by a
factor of 4.

The initial assumption made to compare the luminosity function of the OH sample with
other samples was to consider a functional difference for the OH Megamaser galaxies. How-
ever, a clear functional difference could not be found and the LFs traced by the OH-, infrared-
and radio-emission can be described by Schechter functions. Nevertheless, the Schechter
OH-LF function is based on a reduced characteristic density and a maximal space density of
OH galaxies on the order 7 % of the infrared sample. In addition, the space density estimated
via the residual LF predicts a maximal density of about 2.5 %, which is remarkably close to
the detection rate of OH Megamaser emission. The space density determined in this manner
may also be affected by by one source showing Giga-maser emission at high redshift result-
ing into an overestimate of the volume. The deduced percentages suggest that 388 or 138
OH Megamaser sources are to be found in the sample of 5554 warm infrared galaxies of the
PSC catalogue (Takeuchi et al. 2003). This percentage may further decrease if the LF of the
OH sample (with warm infrared colors) is compared with that of warm infrared galaxies (see
section 3.2), which is subject to further work.

Furthermore, the OH-LFs in the infrared and in the radio regime show a clear difference
in the characteristic break luminosities. In the case of a galaxy merger, where the starlight is
simply redistributed, the characteristic break values should roughly satisfy ρ∗×L∗ = constant
(Peacock 1999). In order to attain a higher number density at a certain time in the past, one
would expect L∗ being smaller at earlier times. In comparison with the reference samples,
the OH-LF shows a clearly lower characteristic break luminosity, which would be shifted to
even lower luminosities if the systematic errors were better known.

Assuming that all galaxy merger epochs are present in the 2 Jy sample, then the lower
characteristic luminosity break in the Schechter function of OH galaxies and the relation
ρ∗ × L∗ = constant clearly indicate an increase of the space density of the OH Megamaser
sample. Therefore, the OH Megamaser sources trace a specific evolutionary phase of galaxy
mergers. This phase is indicated by an infrared luminosity of L∗ = 15.38 × 1010 L� and a
radio luminosity of L∗ = 3.5×1022 W Hz−1. A conversion from infrared luminosity to a star-
formation rate (SFR) gives a SFR of roughly 26 M� per year for this specific evolutionary
phase (for the conversion see Kennicutt 1998). This value is about a factor 210 higher than
the star-formation rate seen in normal disk galaxies (Kennicutt 1983).

3.5 Conclusions

A list of all known OH Megamaser galaxies has been compiled. From these, quality ratings
are used to identify 74 galaxies as reliable OH Megamaser galaxies. The specific character-
istics of these sources have been evaluated in this chapter. The morphological appearance
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of these objects in the optical is undetermined for some sources, but can be used to divide
the sample into two major groups of multiple/distorted galaxies and of unresolved galaxies at
DSS resolution. The majority of the sample sources show warm infrared colors which can be
well approximated by a black body temperature of about 60 K. The excess in infrared emis-
sion, which places the OH sources among the group of ultra-luminous and luminous infrared
galaxies, presumably emerges from a region not larger than 1 kpc. The diagnostic tools avail-
able for the infrared- and the radio-emission indicate that the majority of the OH emitters
are associated with enhanced star- formation. This is also supported by the estimated OH-,
radio- and infrared- luminosity functions, which indicate that galaxies selected on the basis
of the OH emission trace a specific phase in the evolution of galaxy mergers with enhanced
star formation.

The maser emission itself is produced by a small conversion efficiency of infrared pump
photons and cannot be described exclusively by the hydroxyl pumping-scheme. This indi-
cates that the maser emission seen in most of the Megamaser sources results from an unsat-
urated maser process. Furthermore, the correlation of the OH emission with the IR emission
has been reviewed, and compared to the classical model which predicts a quadratic relation
for the extragalactic OH Megamaser emission. The quadratic relation between these quan-
tities can neither be confirmed statistically nor denied; the uncertainty possibly results from
systematic effects. Such systematics are presumably not related to any physical effect, but
are instead caused by observational problems and by the general assumption that the OH-,
the radio-, and the infrared-emission emerge from the same region.

Furthermore, the determinations of the maser emission properties and the usually applied
assumptions have been reviewed. In particular, it has been discussed why the use of high
spatial resolution observations, using very-long-baseline interferometry, introduces errors in
the determination of the optical depth and therefore also in the interpretation of the nature
of the maser processes itself. Therefore, an accurate determination of the maser properties
can only be obtained from the ratio between the two OH main-lines rather than from the
continuum emission.
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CHAPTER 4

Investigation of the Obscuring
Circumnuclear Torus in the Active

Galaxy Mrk 231

ACTIVE galaxies are characterized by prominent emission from their nuclei. In the uni-
fied view of active galaxies, the accretion of material onto a massive compact object -

now generally believed to be a black hole - provides the fundamental power source (Rees
1984). Obscuring material along the line of sight can account for the observed differences in
nuclear emission (Krolik & Begelman 1988; Krolik 1999), which determine the classification
of AGN (for example, as Seyfert 1 or Seyfert 2 galaxies). Although the physical processes of
accretion have been confirmed observationally (Greenhill et al. 1995; Gallimore et al. 1997),
the structure and extent of the obscuring material have not been determined. Here we re-
port observations of powerful hydroxyl (OH) line emissions that trace this obscuring material
within the circumnuclear environment of the galaxy Markarian 231. The hydroxyl (mega)-
maser emission shows the characteristics of a rotating, dusty, molecular torus (or thick disk)
located between 30 and 100 pc from the central engine. We now have a clear view of the
physical conditions, the kinematics and the spatial structure of this material on intermediate
size scales, confirming the main tenets of unification models.
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4.1 Introduction

Observations of powerful molecular water-vapour and hydroxyl megamaser emissions,
which are a million times more luminous than their galactic counterparts (Baan 1985), have
provided unique information about distinct regions within galactic nuclei. Water-vapour
masers can map out the central few parsecs of an AGN, tracing the rotation of nuclear
accretion disks and the state of molecular material surrounding the radio jets (Maloney
2002). The inferred geometry and thickness of these disks, however, cannot account for
the observed obscuration signature and the radiation patterns seen in active galactic nuclei
(AGN) (Maloney 2002; Herrnstein et al. 1998b). On the other hand, the hydroxyl masers
in galactic nuclei are spread across hundreds of parsecs (Diamond et al. 1999; Lonsdale
et al. 1998; Pihlström et al. 2001). Their tight correlation with the infrared emission (Baan
1989) indicates a strong association with the dusty obscuring material along the line of sight
towards the nucleus (Krolik & Begelman 1988; Krolik 1999). To study the distribution
of the hydroxyl megamaser emission with respect to the nuclear engine at a resolution of
tens of parsecs in Mrk 231, we performed very-long-baseline interferometry (VLBI) radio
observations with the European VLBI Network (EVN). Mrk 231 is the most luminous
infrared galaxy in the local universe (distance of 172 Mpc), and is undergoing a merger
as indicated by the high dust content and the prominent tidal tails observed at optical
wavelengths. The nuclear power source has been classified (Baan et al. 1998) as a Seyfert 1,
which in the unification scheme would suggest that the observer has a direct, and almost
unobscured, line-of-sight view into the broad-line emission region at parsec scales. The
location of the nuclear engine on similar scale sizes is traced by the radio outflow (Ulvestad
et al. 1999b), which extends to almost a hundred parsecs (Ulvestad et al. 1999a).

4.2 Observations

The EVN data reveal an OH emission structure with an east-west extent of 130 pc that is
straddling a north-south elongated radio continuum emission (figure 4.1). This continuum
emission has been further resolved into a lobe-core-lobe structure (Ulvestad et al. 1999a)
of 80 pc at position angle PA = 8◦ , which is found to be misaligned by 57◦ with the core
radio structure on parsec scales (Ulvestad et al. 1999b). The emission spectrum integrated
across the whole OH emitting region displays the two main hydroxyl lines at 1667 and 1665
MHz showing a line-width of around 200 km s−1 (full-width at half-maximum, FWHM) at
a centroid velocity of 12610 km s−1 (figure 4.2). The EVN data and also the intermediate-
scale MERLIN (Richards et al. 2000) observations account for only half of the integrated
line emission seen by the Westerbork Synthesis Radio Telescope (WSRT; see figure 4.2) and
previous single-dish measurements (Baan 1985). This missing emission component must
therefore originate within the resolution gap between the EVN and WSRT observations, in
an extended region between 190 pc and 11 kpc of the nucleus. This component is probably
associated with the nuclear continuum emission (Taylor et al. 1999) and the CO(1−0) line
emission (Bryant & Scoville 1996; Downes & Solomon 1998). Figure 4.3 (left panel)
presents the spatial velocity distribution, which is similar for each of the two hydroxyl lines
and which has an overall velocity shift of about 160 km s−1 from the northwest towards the
southeast. The velocity width of the emission lines has an average value of about 70 km s−1

(FWHM) across the northern part of the radio continuum emission. On the other hand, there
is also a distinct OH emission region at the northwestern edge of the continuum emission
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Figure 4.1 − Hydroxyl and radio-continuum emission in the nucleus of Mrk 231.
The integrated OH-line emission in gray-color (in mJy per beam) is superimposed on the nuclear con-
tinuum emission in contours (peak 39 mJy per beam). The contour levels are a geometric progression
in factors of the square root of 2 starting at 4 mJy per beam. These EVN observations of Mrk 231 were
made on September 1999 for 12 hrs in dual-polarization phase-referencing mode at 1599 MHz and
with 256 spectral channels across a total bandwidth of 8 MHz. The synthesized beam is 39 mas × 28
mas, where 1 mas corresponds to a size of 0.83 pc at the distance of Mrk 231 (172 Mpc by assuming
q0 = 0.5 km s−1 and H0 = 75 kms−1 Mpc−1). The data has been correlated at the EVN correlator at
the Joint Institute for VLBI in Europe (JIVE), and later transferred to the AIPS packages for calibration
of the complex visibilities. The integrated line emission image has been obtained by averaging over
the velocity range of the OH lines, after subtraction of the radio continuum, obtained by averaging the
channels without line emission.

that has a velocity similar to that seen towards the centre of the radio core, and which has a
distinctly higher velocity width of 85 km s−1 (figure 4.3; right panel).

4.3 Discussion and Results
The nature of the OH emission observed in the nucleus of Mrk 231 adds a new component
to the hierarchical structure of this system, and complements the information obtained with
other tracers at lower resolution. We find that the OH velocity field with its symmetry axis
at PA = 34◦does not agree with that of the kiloparsec-scale CO(1−0) structure (Bryant &
Scoville 1996; Downes & Solomon 1998) having a PA = 0◦. Neither does it agree with the
large-scale radio outflow (PA = 8◦), or the more compact CO(2−1) distribution (Downes &
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Figure 4.2 − Hydroxyl emission spectra of Mrk 231 traced at different scale sizes.
The top panel shows the WSRT spectrum taken at 14 arcsec resolution, the middle panel displays the
spectrum for the EVN observations at 39 mas resolution, and the bottom panel displays the differ-
ence spectrum of both observations. The emission line features show both OH main lines at 1667 and
1665 MHz that are offset by 365 km s−1; the velocity scale refers to the 1667 MHz emission line
by assuming a heliocentric velocity of Vcenter = 12650 km s−1 based on the CO(1−0) centre velocity
(Downes & Solomon 1998). The spectral resolution is 18 km s−1 per channel. The OH line width in the
EVN data is 214 ± 11 km s−1 (FWHM), which is 70 km s−1 less than for the WSRT data. The residual
emission line in the bottom frame counts for 44 % of the OH emission in Mrk 231 and is systematically
red-shifted by around 45 km s−1. Similar flux discrepancies, but with no distinct velocity offset, have
been found for other OH-MM galaxies studied at high resolution (Diamond et al. 1999; Lonsdale et al.
1998; Pihlström et al. 2001). Similar velocity offsets have also been found for the CO(2−1) emission
(Bryant & Scoville 1996) and the HI absorption in Mrk 231 (Carilli et al. 1998).
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Solomon 1998) extending up to 850 pc at PA = 18◦. However, the OH velocity field is in
agreement with that of the line-of-sight HI absorption (Carilli et al. 1998) at PA = 27◦. The
HI absorption is detected against a diffuse radio-emitting halo with an extent of about 350 pc
and an orientation of PA = 22◦. This diffuse radio halo, which is possibly associated with
a circumnuclear starburst (Taylor et al. 1999), could then also trace the dense and opaque
interstellar medium of a disk or torus (Carilli et al. 1998) inclined at 56◦. The integrated
HI velocity dispersion (Carilli et al. 1998) of 193 ± 25 km s−1 agrees well with that of
the hydroxyl lines (figure 4.2). This suggests that the OH emission indeed originates in the
central regions of a circumnuclear rotating disk or torus having an outer structure that is
traced by the CO(2−1) emission.

Figure 4.3 − The circum-nuclear kinematics in Mrk 231.
left panel - The velocity field of the OH 1667 MHz emission in the EVN data is shown in gray-colors.
The spatial resolution is the same as for figure 4.1 and the velocity scale is the same as in figure 4.2.
The overall velocity pattern reveals an east-west velocity gradient of 1.41 km s−1 per parsec over the
entire OH emission such that the northwestern edge of the torus moves towards the observer.
right panel - The line width of the 1667 MHz emission lines (in km s−1) is superimposed on the nuclear
radio continuum emission in contours displayed in a similar way as in figure 4.1. The diagram shows
that the velocity dispersion varies significantly across the emission region. The velocity dispersion
structure shows several distinct regions but with the highest values to be found at the western edge of
the radio continuum source.

The energy source responsible for the excitation of the OH molecules is the extreme far-
infrared radiation (Baan 1989) field in Mrk 231. The observed far-infrared spectral temper-
ature of around 43 K provides the ideal pumping conditions for the OH clouds, which could
range in size from 10 pc up to 100 pc (Henkel et al. 1987; Randell et al. 1995). The ratio of
the intensity of the two maser lines varies rather smoothly across the entire emission structure
and has an average value of 1.8, as expected for local temperature equilibrium (LTE). This
would indicate that the observed emission lines are optically thin and are mostly unsaturated
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Figure 4.4 − The inferred model of the nuclear torus in Mrk 231 is displayed as a wire diagram with
symmetric ionization cones. This model takes into account all large-scale characteristics of the nuclear
radio emission and the OH emission. The symmetry axis of the torus has been inclined upwards by
56◦, and then rotated anticlockwise by 35◦. The molecular material moves from top-right to bottom-left
(northwest to southeast). The virial estimates of the central mass concentration is 7.2 ± 3.8 ×107 M�.

masers. Assuming that the diffuse radio continuum, which serves as a background for the nu-
clear HI absorption, also serves as a background for the observed OH masers, this emission
could be explained in terms of exponential amplification with a maximal gain of about 2.2
within classical OH maser-models (Baan et al. 1982; Baan 1985). However, extreme values
for the line ratio have been found in the discrepant northwestern region discussed earlier in
this text. This region must have a completely different pumping environment than the rest of
the structure. The unusual blue-shifted velocity, the slightly higher velocity dispersion, and
the line ratios of this discrepant region are all consistent with the theoretically predictions
(Baan 1985; Randell et al. 1995; Wada & Norman 2002; Baan 1985) for an interaction region
between the radio outflow and the molecular environment.

The molecular environment described above for the nuclear region of Mrk 231 is very
similar to the dust structures found in active galaxies such as NGC 4261 using the Hubble
Space Telescope (van Langevelde et al. 2000). We have applied an axisymmetric torus model
with a circular cross-section to the EVN data, in order to determine the structural boundaries
in the nuclear region. The compact molecular structure surrounding the nucleus is misaligned
with the large-scale molecular disk of the galaxy by 34◦. The radius of the inner cavity of
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the torus would be about 30 pc, as suggested by the location of the northwestern interaction
region. The outer edge of the torus spans a diameter of 200 pc, which is based on the 4 mJy
contours of the diffuse radio emission (Carilli et al. 1998) and on far-infrared blackbody
estimates (Downes & Solomon 1998). This region also serves as a radio background for the
OH amplification process. These parameters result in a torus structure with a radius of 65 pc
and a thickness of 70 pc, which accounts for an obscuration angle of 60◦ centered on the
plane of the torus and which is representative of values found for other galaxies (Schmitt
et al. 2001). The orientation and the shape of the extended radio contours and the symmetry
axis of the velocity field indicate that the torus is tilted upward from the line of sight by 56◦,
and is rotated anticlockwise by 35◦. This inferred model for the torus has been displayed
as a wire-structure representation and is presented in figure 4.4. The nuclear radiation cones
with opening angles of 60◦ , assumed to be similar to those seen in M 87 (Junor et al. 1999),
represent the directions with an unobscured view of the nucleus. The radio outflow follows
a twisted path within these cones, starting at the nucleus (at PA = 65◦) and ending up as a
double source aligned with the symmetry axis of the outer disk (at PA = 8◦; Ulvestad et al.
1999b,a). As a result, this parameterization indicates that the nuclear accretion disk, that
collimates the jet outflow inside the central cavity, is actually misaligned by 30◦ with the
plane of the molecular torus.

In reality, the proposed torus structure does not need to have a circular cross-section. In
addition, it will most probably be wrapped inside a cocoon-like surface region with a higher
temperature, and will have the same outer extent of 460 pc as the diffuse radio emission and
the HI absorbing gas (Carilli et al. 1998). However, the representation of the inner part of
this rotating dusty and molecular torus in Mrk 231 is consistent with (all) current models
of galactic nuclei and theoretical investigations (Krolik 1999), and supports the unification
schemes for AGN. Whether a different orientation of the torus and the nuclear accretion disk
represents a special case or is a general characteristic of active nuclei needs to be investigated
with VLBI observations of other megamaser galaxies hosting a similar nuclear power source.
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CHAPTER 5

An Embedded Circumnuclear Disk
in Mrk 273

RADIO observations using very long baseline interferometry (VLBI) and the Wester-
bork interferometer has been carried out to study the hydroxyl Megamaser emission

in Mrk 273 at different spatial resolution. The line and continuum observations were carried
out by the European VLBI network (EVN) at 1.6 GHz and display a number of distinct struc-
tural components in the 1 square arcsec central region. The observed continuum emission
shows three prominent regions with flat and steep spectral indexes, which suggest dominant
free-free and synchrotron processes.
The hydroxyl (OH) emission detected by the EVN measurements accounts for only 12 per-
cent of the total OH emission in Mrk 273, but it does show the same dominant line emission
structure as the WSRT observations. The spatial distribution of the maser emission displays
an unexpected view of the molecular environment in the nuclear region. The OH emission
has only been detected toward a distinct radio source in the northern nucleus with a spatial
extent of 108 pc. The OH emission itself is only partially superposed on the radio continuum
and associated with the near-infrared emission. The low efficiency of the maser emission
and the OH main-line ratio suggest that this maser originates in an optically thin and unsat-
urated maser environment with a more complex pumping scheme that cannot be explained
by radiative pumping in the infrared with only a single dust temperature. The specific line
emission pattern and the line-of-sight velocities reveal the organized structure of an edge-on
disk/TORUS with a Keplerian rotation surrounding a central object with a binding mass of
1.39 ± 0.16 × 109 M� .
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5.1 Introduction

Extragalactic hydroxyl (OH main-lines) emission has been studied since the early eighties
(Baan et al. 1982) revealing a new class of extragalactic masers with unexpected isotropic
luminosities of several magnitudes higher than the most luminous galactic counterpart (e.g.
W3(OH)). The OH Megamaser (OH-MM) galaxies are a subsample of the ultra-luminous
infrared galaxies (ULIRG) and are morphologically peculiar due to ongoing mergers. The
nuclei exhibit phenomena related to (circum-nuclear) starburst (SBN) activity and/or the pres-
ence of an Active-Galactic-Nucleus (AGN). The high molecular and dust content of the nu-
clear regions together with the nuclear activity render these sources ideal probes for studying
the circumnuclear environment. The exceptional line width of the OH emission has been
thought to exclusively trace the circumnuclear environment close to a central power source
(e.g. see Klöckner & Baan 2002). So far, only a small fraction of the prominent OH Mega-
maser galaxies has been observed by using very-long-baseline-interferometry and has shown
a rather complex picture of continuum and the maser emission inside the nuclear region (for
a detailed list see Klöckner & Baan 2002).

The galaxy Mrk 273 (UGC 08696, IRAS 13428+5608) has been classified as ULIG
with an infrared luminosity of LFIR = 1.208 × 1012 L�. Its warm infrared color (ratio of
the 60 µm to 100 µm IRAS flux of 1.02) suggests that the bulk of the infrared excess is
associated with dust heated by nuclear star formation rather than by a dominant contribution
of an accretion disk (Sanders & Mirabel 1996, and references therein). In the optical Mrk 273
displays a morphologically disturbed structure with a thin tidal tail extending towards the
south by 50 arcsec (1.3 arcsec ∼ 1 kpc)∗ and a fan-like plume. The infrared excess, the
distinct morphology, and the observed soft X-ray halo of ∼50′′ × 30′′ indicate a merger
event within the last 108 yrs (Knapen et al. 1997). The fan-like plume itself is 15 ′′ in size
and has a rather complex structure consistent with the inner interaction region in a galactic
merging sequence. The central region of Mrk 273 harbors prominent dust lanes, ionized gas,
and several sources visible at different emission bands, which complicates the diagnosis of
the nuclear energetics. Strong optical emission lines from two distinct regions indicate the
presence of a low-luminosity LINER nucleus in the north with a size of around 1 arcsec and
a Seyfert 2 nucleus located 4 arcsec towards the southwest (Colina et al. 1999). The LINER
source reveals both diffuse and compact radio emission components, which support the notion
of enhanced star formation as well as the optical classification (Carilli & Taylor 2000). On the
other hand, only hard X-ray emission has been detected towards this source, which indicates
either a heavily obscured high-luminosity AGN or a less obscured low-luminosity AGN as
a nuclear power plant (Xia et al. 2002). The kinematic structure of this northern source
in Mrk 273 has been well studied at various resolutions using O III, HI, CO, and OH line
emission. These observations give evidence of a disk-like structure in the northern nucleus of
less than 800 mas in size (Colina et al. 1999; Schmelz et al. 1988; Downes & Solomon 1998;
Schmelz et al. 1987). The southern Seyfert 2 source shows enhanced emission in the near-
infrared (NIR), only soft X-ray emission, and almost no emission in the radio, which indicates
either another dust enshrouded AGN or the possible interaction region of an ionization cone
of the northern nucleus (Knapen et al. 1997; Xia et al. 2002). Radio observations of the
central part of Mrk 273 reveal one additional object to the south-east of the northern nucleus

∗The optical redshift of z = 0.03778, q0= 0.5 km s−1 and H0= 75 km s−1 Mpc−1 are used for all further
estimates in this paper, therefore 1 mas corresponds to 0.7389 pc.
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that shows no NIR counterpart and no hard X-ray emission. However, this source does show
a distinct jet-like morphology in the radio and displays faint HI absorption and CO emission
indicating a possibly outflow from one additional nucleus into the surrounding ISM (Knapen
et al. 1997; Downes & Solomon 1998; Carilli & Taylor 2000).

New WSRT and EVN observations of the OH line and the continuum emission in the
Megamaser galaxy Mrk 273 are presented in this paper. The observed emission sub-structure
in the nuclear region and the comparisons between the line and continuum observations con-
tribute to the understanding of the kinematic and the physical properties of the environment
in the nuclear region.

5.2 Observations and Data Reduction

The hydroxyl line- and continuum emission in Mrk 273 has been observed with the West-
erbork Synthesis Radio Telescope [WSRT] and the European VLBI Network [EVN]. The
observations span about three orders of magnitude in size ranging from galactic to nuclear
scale sizes.

The WSRT observations were made on 7 February 2002 with two hours of on-source
observations and respectively 3 and 4 min on the calibrator 3C 286 at the beginning and the
end of the on-source observation. The dual polarization line observations had a bandwidth
of 20 MHz using a rest frequency between the two hydroxyl main-lines (1666 MHz) and a
heliocentric velocity of 11326 km s−1. The setup with 256 channels gave a velocity coverage
of about 3734 km s−1 and a velocity resolution of about 14.6 km s−1 per channel. At the
source distance, the OH emission lines are red-shifted out of the protected band and into the
band where the the GLONASS global positioning satellite system operates. As a result con-
siderable radio frequency interference (RFI) was encounterd in the measurements. The cross
correlation products produced by the WSRT interferometer were used to reduce the influence
of RFI on the data. As compared with single-dish system an interferometer is a superior tool
to observe line emissions in unprotected radio bands. The amplitude and gain calibration has
been performed by applying the Tsys measurements to the data. Editing the RFI-affected data
set of the calibrator source has been done iteratively with an automated calibration and flag-
ging procedure based on individual tasks from the Astronomical Imaging Processing System
[AIPS]. This method constitutes simple of excising of the corrupted data. After final editing
of the calibrator, the phases and the band-pass corrections (frequency dependent gains) have
been used to calibrate the dataset of the program source. Final editing of the data of the pro-
gram source from RFI has been performed again using the same automatic excising method
(for a detailed description see chapter 2). Observations of a few hours with the east-west
WSRT array result in a relatively poor UV-coverage and therefore detailed imaging has not
been carried out using this dataset. Therefore, after applying all corrections to the data set of
the program source, a single emission line spectrum has been produced from the data in the
UV plane (see figure 5.3).

The EVN observations of Mrk 273 were made on 10 February 2000 using seven anten-
nas Effelsberg, Onsala [85 ft], Jodrell Bank [Lovell], Medicina, Noto, Torun and the phased
WSRT array. Due to weather and technical problems only half of the scheduled 12 hrs obser-
vation have been used. The data has been processed with the correlator at the Joint Institute
for VLBI in Europe [JIVE] in Dwingeloo. In order to observe both OH main-line emissions
(1667 and 1665 MHz), the bandpass has been centered at a mid frequency of 1666.38 MHz
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and assuming a optical heliocentric velocity of 11350 km s−1. The observations used a to-
tal bandwidth of 8 MHz covering a velocity range of 1494 km s−1 in two polarizations,
256 channels and 2 bit correlation, which leads to a velocity resolution of 5.8 km s−1 per
channel in the source rest frame. The observation has been performed in phase referencing
mode, using a 13 minute (10 + 3 minutes) cycle to cover the program-source Mrk 273 and
the phase-calibrator source J 1337+5501. The projected telescope spacings lead to a synthe-
sized beamwidth of minimal 30 mas. Data reduction and analysis has been performed using
AIPS in combination with routines from the Groningen Image Processing System [GIPSY].
Before standard calibration of the UV-dataset were performed, new accurate positions were
applied for those telescopes that are not being used for geodetic experiments (Charlot et al.
2002). The observational data was a-priori gain calibrated by using the system temperatures
measured at each individual telescope. The phases were then calibrated by initial fringe find-
ing followed by a full self-calibration procedure on the phase calibrator itself. The bandpass
of the system has been calibrated by using the phase-calibrator source, because no simul-
taneous measurement of the scheduled bandpass calibrator (3C 286) could be recorded by
all telescopes. Further improvement of the calibration could be achieved by performing an
additional self-calibration procedure on the channel with the highest line flux and applying
these phase corrections to the other channels. Imaging of the line and continuum emission
has been produced by applying the final calibration to all channels in the UV-dataset.

5.3 Results

5.3.1 Radio Continuum

The low-resolution (14′′) continuum structure has been obtained from the off-line emission in
the WSRT spectrum. The estimated continuum flux at 1.6 GHz is 102 mJy, which is 13 to 22
percent lower than the cataloged estimates of the NVSS and the FIRST databases at 1.4 GHz.
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Figure 5.1 − Continuum emission struc-
ture of Mrk 273 at 1.6 GHz observed on
10 February 2000 using the EVN network
including the telescopes Effelsberg, Onsala
[85], Jodrell Bank [Lovell], Medicina, Noto,
Torun and the phased WSRT array. The mea-
surements have been mapped by averaging
the offline spectral channels, applying natu-
ral weighting, and tapering, that leads to a
spatial resolution of 71×47 mas with a po-
sition angle (PA) of the beam of 68.7◦. The
highest peak flux of 3.392 mJy per beam cor-
responds to the south-eastern source and the
contour levels are in a geometric progression
of square root of 2; hence every two contours
implies a factor of two in surface brightness.
The first contour is 0.15 mJy beam−1 corre-
sponding to a 3.9σ level.
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Although the catalog images display unresolved point sources, they also show differences in
continuum flux densities on scale sizes between their spatial resolution of 5.4′′ and 45′′. This
could indicate the presence of a low brightness temperature continuum structure on a scale
size between these spatial resolutions. The flux discrepancy of the WSRT observations could
indicate a steep spectral index of Mrk 273 or it is caused by the influence of RFI, which leads
to an increase of the system temperature measurements and then leads to a reduction of the
continuum level. The low resolution NVSS radio data has been compared with the cataloged
infrared emission. The resulting q-value defined as log (LFIR/Lradio) of 2.28 is slightly lower
that the values typically seen in star-forming galaxies, which indicates that any radio core
and radio jet or lobe component only make a minor contribution to the total radio emission
of Mrk 273 (Yun et al. 2001).

As already mentioned the continuum emission in Mrk 273 has been observed in several
previous observations, where at higher resolution a rather complex morphology in the central
region of 1 square degree have been revealed. The continuum emission presented in figure 5.1
displays multiple sources matching the known northern and south-eastern structures in the
nuclear region (natural weighted data set of 71×47 mas resolution). The south-eastern com-
ponent splits into a marginally resolved triple source at PA ∼25◦. In the uniform weighted
map at a slightly higher resolution of 41×34 mas, the southern source of the triple struc-
ture reveals two emission components, whereas the northern source remains unresolved. The
observed emission structures are consistent with existing VLBA observations of the south-
eastern region (1.3 GHz) at somewhat lower resolution of 50 mas (Carilli & Taylor 2000).
Therefore, the EVN data partially traces the organized structure in the south-eastern source
comprising an amorphous jet of 370 mas in extent. The central component has a brightness
temperature on the order of 105 K, and is characterized by a relatively flat spectral index (α,
F∼ να) between 1.6 and 5 GHz of 0.26±0.05 (5 GHz data taken from Knapen et al. 1997).
Similar values have been found in a sample of ULIRGs, which suggests that synchrotron
emission could be the dominant emission process in such sources (Crawford et al. 1996).

The continuum emission in the northern source of the nuclear region in Mrk 273 shows an
east-west elongated structure of 213 mas in size (figure 5.1). At the resolution of 41×31 mas
obtained in the EVN data, the northern radio emission (figure 5.2) also splits into two compo-
nents spatially separated by 77 mas in east-west direction. Each component shows a bright-
ness temperature on the order of 105 K. The western component is somewhat brighter and
slightly extended towards PA = −33◦, whereas the emission at the eastern component fades
towards the south. Similar characteristics for both continuum sources have been found with
the VLBA+VLA at 1.3 GHz that indicate a slightly higher brightness temperature (Carilli &
Taylor 2000). Observations at 5 GHz with the MERLIN array, with a resolution that is almost
comparable to that of the present EVN data, show instead enhanced continuum emission at
the eastern source as compared with the western, which is also seen as a trend in the NIR
emission (Carilli & Taylor 2000; Knapen et al. 1997). The spectral index of both continuum
sources is rather different between 1.6 and 5 GHz with values of αeast = 1.5 ± 0.4 and
αwest = 0.01 ± 0.12 respectively. The flat index suggest purely thermal emission by non-
relativistic electrons possibly caused by photo-ionization of the ISM by star formation. While
a steep spectral index would indicate free-free absorption taking place at the eastern source
of either the thermal emission or the synchrotron emission, the radio continuum at these fre-
quencies does not provide clear clues of the nature of the nuclear engine in the eastern part
(Condon 1992). Comparing the structures observed with the EVN with measurements ob-
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Figure 5.2 − Continuum emission superposed on the integrated line emission observed by the EVN.
A close-up of the northern nucleus in Mrk 273 shows the continuum emission in contours superposed
on the integrated line emission in Grey-scale color-coding. The dataset has been uniformly weighted,
which results in a 41×34 mas resolution oriented at 64.3◦. The contour levels are a geometric progres-
sion in the square root of 2 starting at 0.15 mJy beam−1. Note that the line- and continuum emission
displayed here may not fully justify the actual situation, in the classical OH Megamaser model where
the line emission should be located in front of the continuum emission (Baan 1989).

tained by the VLBA+VLA array at 1.3 GHz shows that these EVN observations, even with
very poor UV-coverage at short baselines, trace some of the structure in the northern nucleus
of Mrk 273 (see figure 2 in Carilli & Taylor 2000). In particular, the EVN observations
display only the inner part of the northern nucleus seen the VLBA+VLA data, where both
sources are seen to be embedded in a diffuse emission structure extending over 500×300 mas.

5.3.2 The Line Emission

It has become typical for extragalactic OH maser sources that only a small fraction of the total
OH emission can be detected by observations at parsec resolution. In particular for Mrk 273,
the high resolution EVN measurements reveal only 12 percent of the hydroxyl emission at low
resolution obtained using the WSRT. This effect has been shown for Mrk 273 in figure 5.3
and figure 5.4, respectively. A detailed comparison of the individual line emission spectra
presented in figure 5.7 shows that the central 1667 MHz line may account for some 85%
of the EVN data, where the broader emission features could not be recovered at all. The
properties of the individual line emission components at the two different spatial resolutions
have been listed in table 5.1, where one finds a remarkable analogy for the strongest features
in each of the spectra.

Extragalactic hydroxyl masers generally show dominant 1667 MHz emission and are
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Figure 5.3 − Integrated line emission spectrum of Mrk 273 observed with the WSRT. The veloc-
ity scale corresponds to a heliocentric velocity of the 1667 MHz line with a spectral resolution of
14.6 km s−1. In order to compare the 20 MHz wide observation with the high resolution EVN spec-
trum of figure 5.4, the velocity range has been cut off at 12250 km s−1. A continuum flux density of
102.6 mJy has been subtracted from the emission line spectrum. The enhanced line feature at central
velocity of about 11326 km s−1 corresponds to the 1667 MHz main-line emission, whereas only a small
fraction of the emission at +365.6 km s−1 velocity offset may be related to the 1665 MHz main-line.

accompanied by weak (or sometimes non-existent) 1665 MHz line emission. At low
resolution the OH line spectrum shows three features covering a total velocity range of
1257 km s−1. Such exceptional velocity ranges have also been detected in a few other Mega-
maser galaxies that are characterized by a violent circumnuclear environment (e.g. Arp 220,
IRAS 14070+0525, and III Zw 35, Baan et al. 1989, 1992b; Pihlström et al. 2001). The
large velocity range of the observed hydroxyl emission at WSRT scales complicates the iden-
tification of individual line features with one of the hydroxyl transitions. The theoretical
velocity offset of both maser lines is 365.6 km s−1 at the assumed distance of Mrk 273 of
152 Mpc and in the reference frame of the 1667 MHz line. Therefore, line features up to
about 11400 km s−1 will certainly be 1667 MHz features, whereas the line features around
11600 km s−1 are most likely associated to the 1665 MHz OH main-line. The WSRT spec-
trum indicates a 1667/1665 MHz main-line ratio of about 1.7 that is close to the 1.8 local-
thermodynamic-equilibrium (LTE) value.

The line emission feature at the lowest velocity has been seen in the early observation but
has not been discussed at all in the literature † (first detected in Staveley-Smith et al. 1992).
This component centered at 10773 km s−1 and with a width of about 380 km s−1 complicates

†Not taking this particular line emission feature into account in the observational setup will cause systematic
errors for the kinematics and the OH content of low resolution investigations of the hydroxyl emission in Mrk 273.
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the interpretation of the maser emission as it highlights gas at non-systemic velocity. The sub-
structure of the main emission line at a velocity of around 11200 km s−1 shows three distinct
components. The broad feature at 11600 km s−1 has a line width of 334 km s−1 (FWHM),
which is incidentally of the same order of magnitude as that of the broad line at low velocity.

The EVN measurements in figure 5.4 show a less complicated emission spectrum be-
cause some of the broad emission has disappeared and the emission features can be easily
associated with the two hydroxyl transitions. The velocity range of the emission at this reso-
lution is 484 km s−1, which is one third of the observed velocity range at WSRT resolution.
The spectrum displays strong emission features associated with the 1667 MHz line and a
weak emission line at 11600 km s−1, which correspond to the 1665 MHz line. The triple
structure of the strong 1667 MHz emission can be recognized in the sub-structure of the
strongest emission feature at lower resolution. The main difference is that the line ratios have
changed dramatically: this difference shows predominantly in OH luminosities of the emis-
sion components f2 and f4 (table 5.1). The identification of the weak emission feature (f5) at
11600 km s−1 is quite simple. The velocity offset of 369.9 km s−1 relative to the strongest
line feature f3 matches within the errors the theoretical velocity offset of both main-lines and
therefore indicates that this weakest EVN feature (f5) is the corresponding 1665 MHz line of
the f3 component.

WSRT EVN

– f1 component –
center velocityf1 [ km s−1] 10773.3 · · ·
peak fluxf1 [mJy] 7.84±0.57 · · ·

FWHMf1 [ km s−1] 378.84 ±36.05 · · ·
Lf1 [L�] 106.99±12.78 · · ·

– f2 component –
center velocityf2 [ km s−1] 11161.8 11168.0
peak fluxf2 [mJy] 39.34±1.00 11.63±0.43
FWHMf2 [ km s−1] 128.64±4.44 51.79±2.75
Lf2 [L�] 195.41±8.38 23.28±1.51

– f3 component –
center velocityf3 [ km s−1] 11223.3 11224.4
peak fluxf3 [mJy] 33.74±1.74 33.93±0.67
FWHMf3 [ km s−1] 44.4±2.70 29.9±0.77
Lf3 [L�] 58.47±4.66 39.60±1.23

– f4 component –
center velocityf4 [ km s−1] 11314.2 11299.8
peak fluxf4 [mJy] 25.80±1.16 5.24±0.28
FWHMf4 [ km s−1] 90.97±5.57 114.86±11.23
Lf4 [L�] 93.05±7.07 0.92±0.27

– f5 component –
center velocityf5 [ km s−1] 11594.6 11594.3
peak fluxf5 [mJy] 19.76±0.60 2.71±0.51
FWHMf5 [ km s−1] 334.56±14.16 30.88±6.75
Lf5 [L�] 274.87±14.32 3.48±1.00

Table 5.1 − Properties of the in-
dividual emission line features ob-
tained by the WSRT and the EVN
interferometers. The emission line
features are sorted by increasing
center velocity, corresponding to
the heliocentric velocity of the
1667 MHz emission line. The ve-
locity estimates have a systematic
error of 14.6 and 5.8 km s−1 re-
spectively, that are related to the
different spectral resolution of the
measurements. A reduced chi-
square fit has been used to esti-
mate the individual properties of
Gaussian shaped line profiles. The
theoretical velocity difference of
the two OH main-lines in the ref-
erence frame of the 1667 MHz
line is, at the redshift of Mrk 273,
365.6 km s−1. The estimated ve-
locity difference of the line fea-
tures f3 and f5 match their theoret-
ical offset within the systematic er-
ror of one channel, indicating that
they are a pair of hydroxyl main-
lines.

At a spatial resolution of a few milli-arcsec of the EVN data, the OH emission has been
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found exclusively toward the northern source of the nuclear region in Mrk 273 (see figure 5.2).
The OH emission structure has an extent of 146 mas and partially covers the eastern contin-
uum component. A marginal line emission component at 11326 km s−1 and a line width of
54 km s−1 (FWHM) has been detected toward the western continuum component. The offset
of the centroids of the line emission and the continuum emission at the eastern source is about
23.2 mas towards the north as displayed in figure 5.5. There is an asymmetry in the intensity
of the line features f2 and f4 that is most likely caused by the association of feature f2 with the
northern part of the continuum emission serving as a background for maser amplification. In
general, the EVN observation only reveal the most compact and strongest OH emission and
continuum features. A comparison of the properties of the individual OH line components
in table 5.1 shows that the EVN data accurately traces the sub-structure within the dominant
OH emission seen towards Mrk 273.

Figure 5.4 − Integrated line emission spectrum of Mrk 273 observed with the EVN. The veloc-
ity scale corresponds to a heliocentric velocity of the 1667 MHz line with a spectral resolution of
5.6 km s−1. Note that the velocity cutoff at higher velocities corresponds to the cutoff in figure 5.3.
The strong line features displayed here correspond to the 1667 MHz main-line emission and the weak
emission line is related to the 1665 MHz main-line. The expected velocity difference between the
OH main-line transitions in the velocity frame of the 1667 MHz line at the redshift of Mrk 273 is
+365.6 km s−1.

5.4 Discussion

5.4.1 Understanding the Hydroxyl Emission

The hydroxyl emission in Mrk 273 displays characteristics that are typical of extragalactic
OH Megamaser sources, where at high spatial resolution only a small fraction of the low
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resolution hydroxyl emission have been detected (Lonsdale et al. 1998; Diamond et al. 1999;
Klöckner et al. 2003). The excitation mechanism of the OH molecules in Mrk 273 is most
likely a radiative pump provided by the infrared radiation field similar to the conclusions for
other OH-MM (Baan 1989; Henkel & Wilson 1990; Skinner et al. 1997).

The near-infrared emission in Mrk 273 exhibits two distinct regions at arcsec-scales
(south-west and north) with slightly stronger emission towards the northern nuclear source
(Knapen et al. 1997). Since OH emission has only been detected in the northern region, the
total infrared emissivity of Mrk 273 has to be corrected in order to compare it with the OH
emission. By using the ratios of the individual near-infrared measurements seen in Mrk 273,
the infrared excess seen towards the northern source is estimated to be 5.96×1011 L�. Con-
sidering the spectral width of the OH emission (e.g. rOH= 6.73 MHz) and the applying this
to the infrared emission (rFIR), a lower limit of the OH pumping efficiency can be estimated
by the following ratio:

POH =
LOH × rFIR

LFIR × rOH
, (5.1)

where LOH and LFIR are the luminosities. The large scale OH emission in Mrk 273 shows a
pump efficiency on the order of 0.29 percent. An upper limit for the efficiency of 0.40 % can
be estimated by the ratio of the maximum infrared flux of the pump transition being closest to
the black body peak to the maximum peak flux of the observed OH line emission (for the OH
transitions see Destombes et al. 1977). Nevertheless in both cases such a low pump efficiency
indicates an unsaturated maser process. Because the maser emission would be saturated if
every available pumping event (in this case the infrared emission) produces a maser photon
with an efficiency that depends only on the details of the pumping scheme (see page 81:
Elitzur 1992a). In other words, saturation would occur when the amount of amplification by
the maser process affects the pumping efficiency. Therefore, one can estimate the ratio of the
maser intensity at with saturation takes place. In the case of the 1667 MHz hydroxyl line,
saturation would occur if the ratio γ is about unity,

γ =
Isat

Iunsat
∼ POHΓ

A2−2+

(5.2)

where Isat is the intensity at saturation of the maser, Iunsat is the unsaturated maser intensity,
A2−2+ the Einstein coefficient of the 1667 MHz transition, POH is the efficiency as defined
above, and Γ is the loss rate. The loss rate Γ in general is of the same order as the collision
rate. For OH in HI regions it has been shown that the most important collision process is
the OH-ion interaction, which leads to a collision rate of 37 × 10−9 NHI, where NHI is the
hydrogen density (Rogers & Barrett 1968). The hydrogen density is not generally known but
for these sources it can be estimated using the molecular hydrogen abundance. The abun-
dance of the molecular hydrogen has been dynamically modeled for Mrk 273 to be 1860 H2

molecules per cm−3 in the northern nucleus (Downes & Solomon 1998). The relative abun-
dance of HI to molecular hydrogen is assumed to be similar to the galactic value of 20 (valid
for the inner 300 pc in the Milky Way, Güsten 1989). For a saturation ratio γ = 1, the natural
logarithm of the gain threshold for the maser amplification is 10.7; above this value saturated
maser emission is expected. The saturation parameter can be estimated observationally by
determining the optical depth either by using the maser main-lines themselves or by using
one maser line in combination with the continuum emission (for an explanation see Henkel
& Wilson 1990; Goss 1968). Since a clear separation of the two OH main lines in the WSRT
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observation is not possible, an upper limits on the gain can be estimated using the continuum
and the 1667 MHz line emission. This results in an estimate of the upper limit of the optical
depth of −0.43 by using the peak flux of the 1667 MHz line of 57.4 mJy. An additional con-
straint on the amplification process in Mrk 273 can be made using the low resolution WSRT
OH data and assuming that the radio continuum observed in the northern source serves as a
background for the more diffuse OH emission, which is missed between the resolutions of
MERLIN and the EVN. The continuum emission in the northern source in Mrk 273 has been
imaged in detail with the VLBA, showing a diffuse continuum structure being punctuated
by a number of compact sources (SNRs) with brightness temperatures larger than 3 ×106 K
(Carilli & Taylor 2000). The maximal brightness temperature of the diffuse maser emission
can be estimated by comparing the spatial sensitivity limit of the EVN observations, by using
the missing line emission features, compared with the corresponding features of the MERLIN
observation (Yates et al. 2000). Therefore, the diffuse maser emission that is not seen by the
EVN observations accounts for brightness temperatures on the order of 4 ×105 K. Within the
classical OH maser amplification model, these assumptions suggest a maximal gain of about
2.01, which is significantly lower than the estimated saturation threshold (Baan 1989, 1985;
Baan et al. 1982).

A further constraint on the nature of the maser emission follows from evaluating the
level populations to estimate the main-line ratios. Since the excitation mechanism of the
OH molecules is most likely radiative pumping, the OH main-line ratio can be estimated
by the integrated infrared emission field. By assuming a spectral-temperature of a single
black-body or a single gray-body, the population in the OH ground level (2Π3/2) can be
determined by solving for the population cascade of the rotational and vibrational levels of
the hydroxyl molecule (Destombes et al. 1977). By solving for the rate equations for the
individual levels up to J = 9/2, a gray-body temperature of 63 K and a black-body temperature
of 68 K suggest a main-line ratio ranging from 1.98 or 3.00 respectively (note that for the
gray body estimate additional infrared data has been used from Klaas et al. 2001). As already
mentioned, the extreme kinematics in Mrk 273 will affect the diffuse OH main-line emission
and the estimated main-line ratio, which may lead to systematic errors. Nevertheless, the
velocity difference of the individual f3 and f5 emission features suggests that they are line
pair. At low resolution their line ration is 1.71 (see table 5.1), which is close to the LTE
value of 1.8 and can not be explained by an infrared pumping scheme. At high resolution
in the EVN data, the main line ratio is 12.5 based on a clear identification of both OH lines,
which is a value that can not be produced by the infrared radiation field with a single spectral
temperature. Therefore, in order to obtain a detailed model of the observed line ratios, some
detailed modeling of the radiation field and of the level populations has to be employed, which
will be done elsewhere. Nevertheless this discussion shows that the overall maser emission
process can be further constrained to be an unsaturated maser, because for a saturated maser
the process would only depend on the details of the infrared pumping scheme.

The OH emission at EVN resolution as shown in figure 5.2 only shows enhanced maser
emission at the eastern source, where a two magnitude NIR excess relative to the western
source has been observed (Knapen et al. 1997). Since the dominant pumping lines of the OH
molecule fall in the NIR, an OH maser versus FIR connection could be expected. A similar
connection has been found for Arp 220, where the more diffuse emission structure follows the
NIR intensity contours (Baan & Haschick 1984). The spatial distribution of the continuum
emission relative to the OH emission suggests that the diffuse continuum emission serves as
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an underlying background for the amplification. The difference in intensity of the f3 and
f4 1667 MHz line features is possibly caused by the difference in background continuum at
these locations. The location of the individual line features with respect to the continuum
emission can be determined from the velocity field shown in figure 5.5.

A clear discrimination of the OH main-lines and the small systematic errors in determin-
ing the line ratios may also lead to an accurate estimate of the OH column density. Assuming
that both main-line components f3 and f5 and the continuum originate along the same line
of sight, the optical depth of the OH can be estimated to be τunsaturated = −3.20, which cor-
responds to a column density of NOH = 4.58 × 1014 Tex cm−2 (for explanation see Goss
1968). Another way to calculate the optical depth is to compare the continuum emission and
the properties of f3 leading to the apparent optical depth of −4.30 (the different ways of es-
timating the optical depth are described in Henkel & Wilson 1990). Combining the different
estimates for the optical depth suggests a covering factor of 0.32, that accounts for how much
the OH emission clouds cover the underlying continuum emission.

Altogether, the pumping efficiency, the infrared emission, the optical depth, and the esti-
mate of the saturation threshold indicate that the hydroxyl emission in Mrk 273 is spatially
extended between a thousand and a few tens of parsec and is explained by an unsaturated
maser emission process.

5.4.2 The Nuclear Kinematics

The combination of the EVN and the WSRT OH data traces the kinematic hierarchy of
the circumnuclear environment from a few tens of parsec up to kilo parsec scales in the
northern nucleus of Mrk 273. The kinematic pattern has been imaged by several molecular
tracers leading to a gas disk hypothesis for the northern nucleus (Cole et al. 1999; Downes
& Solomon 1998). In particular, MERLIN imaging of the neutral hydrogen absorption at
spatial resolution of 200 mas shows a nuclear disk of about 800 mas in extent. The kine-
matics of this disk is explained by solid-body rotation with an velocity gradient of about
1.39±0.003 km s−1 per mas (1.88 km s−1 pc−1) in east-west direction (Cole et al. 1999).
On the other hand, MERLIN data of the OH emission at a similar resolution displays a rather
complicated picture in which individual maser clumps do not provide any clear indication of
a disk structure at similar scale sizes (Yates et al. 2000). At a resolution comparable to that
of the EVN observations, the VLBA data show that the northern nucleus is spatially resolved
showing a 500× 300 mas extended disk traced by HI in absorption with a slightly lower ve-
locity gradient of 1.5 km s−1 per mas (2.0 km s−1 pc−1) in east-west direction and with an
apparent flattening of the velocity at larger radii (Carilli & Taylor 2000). The OH emission
in the current EVN data is unexpectedly different from the earlier data in that the velocity
gradient is north-south along the major axis of the emission (figure 5.2). Apparently the OH
traces a sub-structure in the nuclear region that has emission velocities similar to those of
the HI at lower resolution. Furthermore, at the location where the OH emission indicates a
clear north-south gradient (see figure 5.5), the HI absorption shows a flaring velocity field
associated with distinct different kinematics.

The kinematic pattern of the OH line emission is shown in the position-velocity (PV)
diagram in figure 5.6, displaying almost two similar velocity patterns for each of the OH
main-lines transitions. The features at the bottom of the PV-diagram represent the three major
components of the OH 1667 MHz line as seen in figure 5.4. The velocity structure shows an
organized velocity field of Keplerian rotation around a central object with no evidence of
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flattening at larger distances. The spatial extent and the overall north-south velocity leads to
a gradient of 1.62 ± 0.37 km s−1 per mas (2.19 km s−1 pc−1), which is on the same order of
magnitude as the MERLIN and VLBA estimates for the east-west gradient in HI. The same
velocity pattern repeats with significantly lower intensity in the upper part of the PV-diagram
where the 1665 MHz line is found.

The specific emission pattern of the OH emission (in particular of the 1667 MHz line)
with a bright centre feature and two weaker components at the edges is related to the maser
amplification itself. We note that the relative amplification of the maser emission is pro-
portional to the ratio of the OH column density over the OH velocity dispersion (e.g. see:
Greenhill et al. 1995). In order to simulate the representative emission pattern seen in the
EVN spectrum in figure 5.4, a 3-dimensional disk and torus geometrical structure has been
modeled in order to solve for the line-of-sight maser amplification. In these geometries the
amplification is calculated on the basis of randomly distributed maser clouds. To produces
the smooth emission line spectrum that is common for all OH Megamaser galaxies, each
individual OH cloud needs to be extended and exhibit internal velocity dispersion or turbu-
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Figure 5.5 − The velocity field of the 1667 MHz emission line and the continuum emission seen in
a close-up of the northern nucleus in Mrk 273. The spatial resolution is identical to figure 5.2 and the
velocity scale is the same as in figure 5.4. The velocity field of the OH 1667 MHz emission is shown in
gray colors covering a velocity range between 11150 to 11350 km s−1 and contours are separated by
25 km s−1. A north-south velocity gradient of 1.62 km s−1 per mas is observed (2.19 km s−1 pc−1),
where the northwestern edge moves towards the observer. Only the OH lines located in the center and
the southern edge of the disk are superposed on the observed continuum emission.
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Figure 5.6 − The position-velocity dia-
gram of the hydroxyl emission in the north-
ern part of Mrk 273 observed with the EVN.
The main-line hydroxyl emission is dis-
played across the major axis of the east-
ern sources at spatial resolution of 41×34
mas (see figure 5.2). The dominant emis-
sion structure corresponds to the OH emis-
sion line features at 1667 MHz. The weaker
emission displays the kinematics traced by
the 1665 MHz emission. The velocity cor-
responds to the heliocentric velocity of the
1667 MHz line emission. The declination
correspond to the central point, which is
consistent with all figures presented here.
The center velocity is 11222.3 km s−1 and
the contours are in steps of 3 starting at 0.75
mJy beam−1.

lence. Furthermore, for a 107.9 pc (146 mas) extended structure and a enclosed mass on the
order of 1.39 ± 0.16 × 109 M�, the kinematics of a solid body rotation, suggested by the HI
absorption measurements (Cole et al. 1999), does not account for the spectral pattern and the
velocity range traced by observed line features f2, f3, and f4. The specific triple structure of
the OH 1667 MHz line emission can only be reproduced by either a disk or a torus structure
with Keplerian kinematics and seen almost edge-on with deviations in the inclination of less
then 10◦ (for the dependence of the spectral signature of maser emission on geometry and the
line-of-sight, see chapter 7).

Therefore, the OH emission line traced by the EVN observations is explained by an almost
edge-on disk or torus with Keplerian kinematics placed at PA= −15◦ in the north-eastern
source in the northern nucleus of Mrk 273.

At larger scale sizes the MERLIN observations of the OH emission show no clear kine-
matic pattern in the data. On the other hand the WSRT spectrum (figure 5.3) shows a new
emission line feature (f1) that could indicate a more disturbed environment and therefore
may explain the complicated emission pattern seen in the MERLIN data. This specific emis-
sion feature (f1) is blue-shifted by about 450 km s−1 relative to the central emission feature.
Because of the large velocity range covered by the OH emission in earlier observations this
feature did not get recognize. Since no imaging data of this OH feature is available, only
an indirect comparison with optical spectroscopy could be made. Optical spectroscopy using
the OIII line shows two distinct emission lines indicating different energetics at the northern
nucleus (note that the spatial resolution of the reported observations is about 0.9 ′′, Colina
et al. 1999). One OIII line component indicates a highly ionized gas phase with a rather dis-
turbed velocity field and velocity components predominantly 600 km s−1 blue-shifted. This
velocity shift is almost in agreement with the velocity difference seen for the OH feature f1
traced by the OH emission. The other OIII line emission indicates low-excitation gas that
traces a rather organized velocity field oriented in east-west direction. The orientation and
the velocity range of about 2400 km s−1 indicate that this line traces nuclear kinematics sim-
ilar to those derived by radio observations at comparable resolution (Colina et al. 1999; Cole
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Figure 5.7 − A combination of
the integrated line emission spec-
tra of the hydroxyl emission ob-
served in Mrk 273. The dark
gray shaded region displays the
WSRT spectrum and the light
gray shaded region the EVN spec-
trum. The solid black line dis-
plays the direct difference be-
tween the WSRT and the EVN
measurements, while neglecting
the different spectral resolution
of these observations. The solid
white line represents the differ-
ence of both observations, where
the EVN observations, with a
spectral resolution of 5.6 km s−1,
is smoothed to the WSRT resolu-
tion of 14.6 km s−1.

et al. 1999).
The different velocity offset and the pattern traced by the optical emission lines indicate

that the OH emission seen in Mrk 273 is possibly associated with both the high and the low
energy gas phase in the northern nucleus. Therefore, the broad blue-shifted OH and the
optical emission lines are most likely associated with a starburst driven molecular outflow.
Such a scenario has been proposed and observed in other OH Megamaser sources such as
Arp 220 or III Zw35 (Baan et al. 1989). If a molecular outflow takes place, the OH molecules
must be contained in some dusty layer expanding from the nuclear starburst traced in the
radio continuum (Carilli & Taylor 2000). This may also be indicated by the symmetry of
the residual spectrum seen in figure 5.7, where the EVN emission is subtracted from the
WSRT emission spectrum. The residual OH emission would than account for the more
diffuse OH component on scale sizes of a few hundreds of parsec. In order to understand the
specific spectral signature of the residual OH emission, the kinematics, the source extent,
and the enclosed mass estimates of the HI absorption lines are used to model the line-of-sight
amplification of the maser clouds embedded in a circular layer. Such a setup results into two
distinct spectral line features at the edges of the spectrum, each having a velocity dispersion
of a few hundreds km s−1 and covering a similar velocity range as seen in the residual OH
emission spectrum (figure 5.7). Therefore, it is most likely that the OH spectrum at velocities
higher than systemic show a superposition of both OH main-lines (see figure 5.3) and would
explain the complicated OH velocity pattern seen at MERLIN resolution.

5.5 Conclusions

The flux density of the central line emission features of the single-dish emission of Mrk 273
has been mostly recovered in a region of around 108 pc in size at one of the northern nu-
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clei. The distinct velocity pattern and spectral shape of the maser spectrum indicates that the
emission originates in an almost edge-on disk or torus covering the eastern of the two radio
nuclei. Observational data from various wavelengths regimes do not yet provide a completely
consistent picture of the nature of the nuclear power plant in the northern nucleus.

In the infrared, the total extent of the northern nucleus can be determined by either a sin-
gle gray-body emission area of about 418 pc or a black-body emission area of about 340 pc.
These estimates are remarkably consistent with the maximum extent of 370 pc found for the
continuum emission by the VLBA array and suggest that starformation is taken place on these
scale sizes (Carilli & Taylor 2000). In addition, EVN observation and other at higher reso-
lution show a distinct region of enhanced continuum emission located in the central part in
the northern nucleus of maximal 157 pc in extent. The combination of the two distinct mor-
phologies indicates that a combination of starburst and an active galactic nucleus is present in
the northern nucleus of Mrk 273, which is optically classified as a LINER 1. In addition, the
northern nucleus shows exclusively hard X-ray emission indicating either a heavily obscured
high-luminosity AGN or a low-luminosity AGN that mimics a LINER 1 spectrum with photo-
ionization due to hard photons (Terashima et al. 2000). The HI column density that is required
to block the entire soft X-ray emission towards the northern region is 4.1× 1023 cm−2, which
is quite similar to estimates in the mid-infrared bands of ∼ 5× 1023 cm−2 (Xia et al. 2002).
Nevertheless, the HI column density seen towards the individual continuum components in
the northern region is significant lower with a values of Ts × (1.8 ± 0.3) 1020 cm−2. These
estimates could only be similar for an unlikely spin temperature of about 2300 K, which is
an order of magnitude higher that the estimates of spin temperatures based on a galactic gas-
to-dust ratio and an optical extinction similar to those detected in NGC 4945 or SgrA∗ (Xia
et al. 2002; Carilli & Taylor 2000). The OH column density NOH = 4.58 × 1014 Tex cm−2

observed towards the north-eastern source and the galactic HI to OH abundance ratio implies
a low line-of-sight obscuration (Mann & Williams 1980). Therefore, the OH maser emission
in combination with the steep radio spectral index indicates the presence of a low luminosity
AGN seen through a highly ionized screen at the northern nucleus. The binding mass of the
central object in the north-eastern component is determined by Keplerian kinematics and is
on the order of (1.39 ± 0.16) × 109 M�. This is two orders of magnitudes larger than the
binding mass traced by the H2O Megamaser emission in the galaxy NGC 4258 (Greenhill
et al. 1995).

The spatial structure, spectral signature, and velocity pattern of the OH emission in
Mrk 273 at resolution of a few tens of parsec clearly reveal an edge-on disk with Keple-
rian kinematics in the northern nucleus. Furthermore, the distinct velocity pattern of the disk
indicates that it may represent a kinetically independent structure in this nucleus. This hy-
pothesis is in contrast with the east-west elongated nuclear disk or torus seen in the northern
region and traced by HI in absorption (Cole et al. 1999). However, the observed OH velocity
gradient is comparable to the estimate of the HI absorption. Nevertheless, the HI absorption
observations show the kinematics of solid body rotation that complicate a picture that could
also be produced by a radial outflow component. The missing maser emission in comparison
of the WSRT and the EVN observations accounts for 80 percent of the total OH emission in
Mrk 273. The corresponding line features in the MERLIN observations show that this OH
emission traces a more complex and disturbed velocity structure at larger scale sizes (Knapen
et al. 1997). This leads to the question if the velocity field traced by the large scale HI ab-
sorption can be interpreted as rotational velocity or as radial velocity components caused by
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Figure 5.8 − Schematic view of
the proposed model of the maser
emission seen with the EVN ob-
servation. The relative amplifica-
tion of the maser emission can be
determined as the ratio of the OH
column densities to the OH veloc-
ity dispersion. At the top and bot-
tom of the nuclear disk, the line-
of-sight column densities are rela-
tively high with respect to the centre,
which is compensated by specific ro-
tation velocities and different line-
of-sight dispersions. This scenario
accounts for the weaker and broader
line features f2 & f4 and the central
strong narrow line feature f3 of the
1667 MHz emission in figure 5.4.

North
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outflow. The western source in the northern nucleus, with its marginal narrow OH emission
component, its broad HI absorption feature, and its thermal spectral index, may alternatively
be interpreted as a region with enhanced star formation rather than a second nucleus (Carilli
& Taylor 2000).

The favored scenario for the northern nucleus is a combination of starformation that
produces starburst driven winds, resulting in high offset line features, and a low luminosity
AGN obscured by a dusty disk of 108 pc in extent producing a highly disturbed gas region
that mimics a LINER spectrum.

Another important aspect of these hydroxyl measurements is, that the maser emission
in Mrk 273 shows no saturation effects at kilo parsec and parsec scale sizes. This is in
contrast with the compact maser components discovered in high-resolution observations of
other bright OH Megamaser sources, such as Arp 220, IRAS 17208−0014, and III Zw 35
(Lonsdale et al. 1998; Diamond et al. 1999). In there sources saturation and non-saturation
has been concluded on the basis of the compactness of the OH emission with respect to
the continuum. The current EVN observations show for the first time that the compact OH
emission remains unsaturated. Furthermore, it has been shown that the total OH maser
emission at galactic size scales results from an unsaturated maser process working with
a pumping efficiency rate of only a few one-thousands. Such low conversion efficiencies
have been found for most of the OH Megamaser galaxies, indicating that saturation effects
for hydroxyl Megamaser emission may not play a significant role after all and may favor a
Megamaser model based on amplification of background radio continuum by foreground
molecular gas (see chapter 3, Baan 1985, 1989).
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CHAPTER 6

VLBI Imaging of Hydroxyl
Absorption towards

the Nuclear Region of NGC 3079

BROAD hydroxyl (OH) absorption-lines in the 1667 MHz and 1665 MHz transition to-
wards the central region of NGC 3079 have been observed at high resolution with the Eu-

ropean VLBI Network (EVN). The velocity fields of two OH absorption components against
the unresolved nuclear radio continuum were resolved across the central ∼10 parsecs. The
velocity field of the OH absorption close to the systemic velocity shows a rotation in nearly
the same sense as the edge-on galactic-scale molecular disk probed by CO(1-0) emission.
The velocity field of the blue-shifted component displays a gradient in almost the opposite
direction. The blue-shifted velocity field represents a non-rotational component, which may
trace an outflow from the nucleus, or material on the receding side of an expanding shell
shocked by the kiloparsec-scale superbubble. This OH absorption component traces a differ-
ent structure that does not support a counter-rotating disk suggested on the basis of the neutral
hydrogen absorption. The velocity gradients traced by the OH absorptions on scales of sev-
eral parsecs are important to understand the nuclear structure of NGC 3079. We present a
revised picture for the nuclear region that also incorporates the distribution of the H2O maser
and radio continuum sources.

Yoshiaki Hagiwara, Hans–Rainer Klöckner, and Willem A. Baan
ACCEPTED FOR PUBLICATION IN MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL

SOCIETY
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6.1 Introduction

NGC 3079 is an edge-on Sc galaxy housing a LINER nucleus (Heckman 1980) with a long
history of observations at various wavelengths. The nucleus was later re-classified as a type
2 Seyfert nucleus (Ford et al. 1986). The galaxy has a systemic velocity of 1116 km s−1

(Irwin & Seaquist 1991), which gives the distance of 16 Mpc and hence 1 milliarcsec (mas)
corresponds to 0.08 pc (H0 = 75 km s−1 Mpc−1). Observations of optical emissions with
the HST have shown a number of outflowing filaments in a ’superbubble’, produced by a
combination of stellar winds and supernova explosions in a site of massive star formation.
X-ray observations with Chandra show a clear correspondence of Hα-line filaments with
those in X-rays at the distance of ∼65 pc from the nucleus (Cecil et al. 2002). Throughout
several X-ray observations, a highly obscured active galactic nucleus (AGN) and iron line
emission towards the nucleus were found (Cecil et al. 2002). The center of the galaxy has
been resolved by radio interferometry and reveals a double radio lobe extending 1.5 kpc on
either side of the major axis of the galaxy and a puzzling nuclear structure on parsec scales
Irwin & Seaquist (1988). Due to the complexity of the radio structure, the interpretation of
the location of a true nucleus is not straightforward.

Broad (200 – 400 km s−1) and deep (τ ∼ 0.5) neutral hydrogen (HI) absorption and
weaker but equally broader and deep OH absorption are found towards those compact radio
sources in the nucleus. These absorptions have been studied in detail at higher angular resolu-
tion using various radio interferometers. Based on the Very Large Array (VLA) observations,
Baan & Irwin (1995) concluded that the two components of HI and OH absorptions are as-
sociated with a postulated obscuring torus in the nuclear region. MERLIN observations at
sub-arcsecond resolution resolved the rotation of the HI absorption (Pedlar et al. 1996) in the
same sense as the rotational trend traced by HI emission and CO(1−0) emission on galactic
scales (Irwin & Seaquist 1991; Irwin & Sofue 1992). According to VLBI observations at an
angular resolution of 10 – 15 mas, the three HI absorption components viewed against the
resolved double-peaked radio source appear to be counter rotating relative to the rotation in
the outer galaxy (Sawada-Satoh et al. 2000).

The strong and highly intensity-variable water maser emission is known to exist in
NGC 3079 (Henkel et al. 1984; Haschick & Baan 1985). Earlier attempts for resolving the

Systemic Velocity (21 cm HI) 1116 ± 1 km s−1

Distance 16 Mpc
Inclination (optical) 84◦

Optical class LINER/Seyfert 2
Fν (1.4 GHz) 5.7 ± 1.7 mJy

(8.4 GHz) 14.2 ± 0.7 mJy
(15 GHz) 24.4 ± 0.6 mJy
(22 GHz) 12.1 ± 0.7 mJy

LIR 3 1010 erg s−1

LX−ray(0.1−6.5 keV ) 1.0 1042 erg s−1

LX−ray(Fe line; 6.4 keV ) 3.3 1041 erg s−1

Table 6.1 − Properties of NGC
3079. Velocity with respect to LSR
for radio definition is adopted from
Irwin & Seaquist (1991). Optical
classification was made by Heck-
man (1980) and Ford et al. (1986).
Radio flux densities were measured
by the VLBA (Sawada-Satoh et al.
2000). Infra-red (IR) luminosity is
from Baan (1989). X-ray luminosity
is from Cecil et al. (2002). Here for
all determinations H0 = 75 km s−1

Mpc −1 is assumed.
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maser emission have been made since the late 1980’s using VLBI Haschick et al. (1990). At
present, it is understood that the H2O maser components are distributed within a central few
parsecs from the nucleus (Trotter et al. 1998). Most of the maser components detected with
VLBI lie in a velocity range VLSR= 956 – 1190 km s−1 and are not associated with any of
the VLBI jet components (Trotter et al. 1998; Sawada-Satoh et al. 2000). They are distributed
nearly north-to-south, and are aligned roughly with the molecular disk traced by CO(1−0)
(PA= 15◦) with a radius of 750 pc (Irwin & Sofue 1992). Two H2O maser components
peaking at VLSR= 1040 km s−1 and 1142 km s−1 have been identified to lie close to the
radio jet axis. Several new weak components were recently detected in a redshifted velocity
range, spanning from VLSR= 1182 km s−1 to 1347 km s−1 (Hagiwara et al. 2002). Given
the velocity distribution of all the maser features observed to date, the maser spectrum show
a rough symmetry w.r.t. the systemic velocity of the galaxy (VLSR∼1120 km s−1; Hagiwara
et al. 2001). However, the redshifted features are not sufficiently strong to be imaged by
VLBI. It has been argued that there is a rotating molecular gas disk or torus obscuring an
AGN in NGC 3079, but in the literature the distribution of the water masers does not yet
appear to trace a parsec-scale molecular gas disk like the one in NGC 4258 (Herrnstein et al.
1998a).
In this paper, we present the VLBI observations of OH absorption at the nuclear region of
NGC 3079. With observations using European VLBI Network (EVN) at the highest spectral-
line sensitivity of any existing VLBI facility, we aim to establish a revised interpretation of
the kinematics of the circumnuclear region in the galaxy.

6.2 Observations

The central region of NGC 3079 was observed at 18 cm on 2000 November 15 with the
EVN, which consisted of eight telescopes: They are Cambridge, Effelsberg, Jodrell Bank
Lovell, Medicina, Noto, Onsala, Torun, and the Westerbork phased-array . We observed
the 1667 and 1665 MHz main line transitions of the 2

∏

3/2 , J=3/2 ground-state of OH in
absorption toward the central radio continuum source in NGC 3079.
The EVN observations were conducted for 5.7 hours in a phase-referencing mode, using
a calibration source J0957+5522, which is located about 1 degree from the target source.
The total time of one observing cycle was 13 minutes with 10 minutes for NGC 3079 and 3
minutes for J0957+5522. The total time spent on the target was about 3 hours. The data were
recorded in both left and right circular polarizations using a single intermediate frequency
(IF) band with 8 MHz bandwidth. The IF baseband was subdivided into 128 spectral
points, yielding a frequency resolution of 62.5 kHz, or 11.2 km s−1 in velocity at the source
distance. The IF velocity coverage is 1440.5 km s−1. In order to cover both the main line
transitions, we centered the IF on VLSR= 1350 km s−1and the Doppler velocity center was
referenced to the 1667 MHz line. Hereafter, all velocities are in the radio convention and
with respect to LSR. The system temperature and antenna sensitivity for each EVN antenna
over the observing frequency range from 30 K – 100 K during the observing run. The source
DA193 was measured in the middle of the observations for calibrating the absolute amplitude
gain and the bandpass correction. The data recording rate was 128 Mbit per second with a
MkIV terminal.
The correlation of the data was performed at the EVN MkIV correlator at the Joint Institute
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for VLBI in Europe (JIVE). Data analysis was made using the NRAO AIPS package.
After the delay and delay rate calibration using J0957+5522, the bandpass corrections were
applied. We discarded the data from Noto (NT)–Medicina (Mc), Mc–Torun (Tr), Tr–NT,
Cambridge (Cm)–Tr, Cm–NT, and Cm–Mc baselines due to inadequate performance. The
continuum visibility data set was generated from the spectral-line visibility data set by aver
aging absorption-free channels with the AIPS task of UVLIN. The continuum visibility
data set was then used for self-calibration to improve the image sensitivity. After iterations
of the self-calibration in both phase and amplitude, the solutions were transferred to the
spectral-line visibility data. The continuum and spectral-line visibilities were imaged
employing IMAGR.

6.3 Results

Figure 6.1 shows the spectrum of OH absorption integrated over the spectral-line visibilities
in natural weight with a spectral resolution of 11.2 km s−1. The systemic velocity of the
galaxy VLSR= 1116 km s−1 and the peak velocities of HI absorption and water maser
emission are denoted. The rms noise level is 0.7 mJy beam−1 per channel. The OH
main-line transitions of 1667 MHz and 1665 MHz are clearly detected against an unresolved
continuum source at the center of NGC 3079. Both transitions have two distinct components,
one of which is blue-shifted (OH1) and the other is nearly centered on the systemic velocity
(OH2). This is consistent with the spectra at lower resolutions (Baan & Irwin 1995).
By comparison with the single-dish spectrum, the OH absorption lines observed in these
observations have lost their broad wings. The integrated intensities of the 1667 MHz OH
absorption estimated from the single-dish and the EVN spectrum in figure 6.1 are about
8.3 Jy km s−1 and 0.74 Jy km s−1, respectively. Only 8.9 percent of the absorption intensity
was recovered in our EVN observations. The OH emissions in the wing of the absorption
at VLSR= 910 km s−1 and around VLSR= 1260 km s−1 suggested by Baan & Irwin (1995)
coincide with weak emission features seen in our VLBI spectrum, although both of them
need to be confirmed in further observations. Two Gaussian components have been fitted
to the absorption profiles of each of the transition (see figure 6.2); the results are listed in
table 6.2. The resultant opacity and column density are listed in table 6.3 together with
those of the previous VLA and VLBI observations obtained at different angular scales. The
OH absorption velocity center (Gaussian-fitted) is VLSR(OH1) = 1011.9 ± 0.9 km s−1 and
VLSR(OH2) = 1113.5 ± 2.0 km s−1, while the center velocities derived from the VLA-A
data are VLSR= 1013 km s−1 and VLSR= 1114 km s−1 (Baan & Irwin 1995). These values
are consistent within the spectral resolution of one channel. The HI absorptions are peaked
at VLSR = 1010 km s−1, 1120 km s−1, and 1265 km s−1 (Baan & Irwin 1995), where the
red-shifted third component has no OH counterpart. The ratios of the double peaks in both
transitions are quite consistent, which may imply that both main-line features are associated
with the same continuum source. The line ratio 1667 to 1665 MHz in the Gaussian-fitted
profiles is 1.5, which is 17 percent lower than the expected value of 1.8 for LTE conditions.

Velocity-integrated maps of the 1667 MHz OH absorption integrated over 11.2 km s−1

intervals and the CLEAN map of a 18 cm radio continuum source are shown in figure 6.3
(if not denoted all figures are produced by uniformly weighted visibility data). Fifteen
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Figure 6.1 − Hydroxyl absorption spectrum of the 1667 MHz and 1665 MHz transitions, obtained
with the EVN in November 2000. An rms noise per channel is 0.7 mJy beam−1. The velocity resolution
is 11.2 km s−1 per channel. Velocities in the spectra are scaled in the radio LSR convention. The
adopted systemic velocity of NGC 3079 is VLSR = 1116 km s−1. The peak velocities of HI absorption
and water maser are marked by arrows with horizontal bars showing their entire velocity ranges. The
results of 2-D Gaussian-fitting of the spectrum are listed in table 6.2.

velocity channel maps cover the velocity range of the absorption from 990.4 km s−1 to
1147.7 km s−1. The continuum emission was not resolved in this experiment. The peak
flux density of the continuum map produced with uniform weighting is 8.8 mJy beam−1

and the rms noise level is 0.25 mJy beam−1. The peak flux density and the noise
level of the continuum map produced with natural weighting are 11.8 mJy beam−1 and
0.085 mJy beam−1, respectively (see figure 6.5). The integrated flux density of the con-
tinuum is 14.3 ± 0.7 mJy, while the 21 cm integrated flux density obtained by single-dish
measurements is 760 ± 31 mJy (Condon 1983). Hence, more than 95 percent of the
continuum flux is missing in this EVN continuum map. Because the limited angular
resolution of this EVN experiment, the nuclear continuum remains unresolved without
showing any structural components. The EVN synthesized beam is larger than the angular
separation between nuclear continuum components A and B (see figure 6.8), which limits
the discussion on the possible associations of the OH absorbing gas with individual sources
in later sections.
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Figure 6.2 − The ratio of the line to con-
tinuum emission (natural weighted). The
line emission of the OH spectrum is deter-
mine by Gaussian models for each 1667 and
1665 MHz transition. The velocity is refer-
enced to VLSR= 1012 km s−1.

A position-velocity (PV) diagram of the 1667 MHz absorption is presented in figure 6.4.
A cut was made through the continuum emission at PA = 15◦ (rotated clockwise by 15
degrees), which aligns a cut along a major axis of the rotation traced by CO(1−0) (Sofue
& Irwin 1992; Koda et al. 2002) and which was also used from the PV diagrams in Baan
& Irwin (1995). The gradients in the 1665 MHz line show the same trend as those seen
in the 1667 MHz line. Note that there are significant position offsets of ∼7 – 8 mas in
declination between the two peaks of OH1(blue-shifted) and OH2(systemic), which could
not be measured in the PV diagrams of Baan & Irwin (1995) at 1 arcsec resolution with the
VLA-A.
Figure 6.5 shows a naturally weighted 18 cm continuum map superposed on the integrated
1667 MHz OH intensity (0th moment) map. The absorption is apparently concentrated
towards the center with a weak outward extension at PA ' 40◦. This extension is similar to
the east-west elongation of the HI and OH absorbing gas seen at 1 arcsec resolution (Baan
& Irwin 1995) and the jet axis connecting the nuclear radio continuum sources, A, C, and B
(Irwin & Seaquist 1988).
Figure 6.6 displays the OH velocity field of the two components (1st moment). The velocity
field of OH1 varies from southwest to northwest in PA = 60◦, while that of OH2 is seen
approximately from north to south in PA = 145◦. The velocity gradients of OH1 and OH2
are ∼10 km s−1 pc−1 and ∼13 km s−1 pc−1, respectively. The CO(1−0) velocity gradient
of the kpc-scale disk is found to be also in the north-to-south direction is 0.85 km s−1 pc−1

at PA= 15◦ (Sofue & Irwin 1992). The nuclear CO(1−0) core at PA = 4◦, tilted by about
10◦ w.r.t the kpc-scale CO(1−0) disk, within the central 125 pc shows a rigid rotation with
a velocity of ∼300 km s−1 (Sofue et al. 2001; Koda et al. 2002). This yields the velocity
gradient of 2.4 km s−1 pc−1. With these values in mind, velocity differences estimated from
the CO velocity gradients between two continuum components A and B (Sawada-Satoh
et al. 2000) are 1.7 km s−1, or 4.8 km s−1, where a distance between the components A
and B of about 25 mas, or 2 pc is adopted. These values are not consistent with the actual
velocity difference of 101.6 km s−1 between OH1 and OH2, which would suggest that the
two detected OH absorptions arise from neither the kpc-scale CO disk nor the nuclear CO
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VLA
1667 MHz 1665 MHz

Peak flux density (OH1) 22 mJy 15 mJy
(OH2) 27 mJy 18 mJy

Center Velocity (OH1) 1013 km s−1 –
(OH2) 1114 km s−1 –

∆V (FWHM) (OH1) 84 km s−1 –
(OH2) 92 km s−1 –

EVN (this paper)
1667 MHz 1665 MHz

Peak flux density (OH1) 8.5 ± 0.4 mJy 6.1 ± 0.4 mJy
(OH2) 5.2 ± 0.3 mJy 3.6 ± 0.3 mJy

Center Velocity (OH1) 1011.9 ± 0.9 km s−1 1361.6 ± 1.3 km s−1

(OH2) 1113.5 ± 2.0 km s−1 1450.7 ± 2.9 km s−1

∆V (FWHM) (OH1) 38.7 ± 2.2 km s−1 37.2 ± 3.1 km s−1

(OH2) 72.1 ± 5.0 km s−1 67.8 ± 7.3 km s−1

Table 6.2 − Gaussian-fitted parameters of the OH absorption spectra. VLA data is from Baan & Irwin
(1995).

core. MERLIN observations at ∼400 mas resolution resolved the rotational motion of the
HI absorbing gas (Pedlar et al. 1996), which matches the sense of the rotation traced by the
HI emission (Irwin & Seaquist 1991). The directions of the HI velocity fields in the three
HI absorption components are not presented in Sawada-Satoh et al. (2000), for which one
cannot compare them with the OH velocity fields in figure 6.6.
The comparisons of the intensity distribution of OH1 and OH2 for each transition are
presented in figure 6.7. The intensity maps were produced from the uniformly weighted
spectral-line cubes. We find that there is a difference in the spatial distribution in both
1667 MHz and 1665 MHz absorption, which is even more distinct in the 1665 MHz line.
The distribution of the blue-shifted OH1 is downward w.r.t that of the systemic OH2 by
approximately 8 mas, or 0.6 pc in declination. This trend is also true in the PV diagram of
figure 6.4, where the difference is clearly seen for both main-lines.

6.4 Discussion
6.4.1 The Puzzle of the Nuclear Continuum Emission

NGC 3079 is known to exhibit a complex radio structure in the nuclear region. VLBI
observations reveal that the nuclear radio continuum is resolved into a multiple milli-
arcsecond-scale (mas) source structure with three major components - the south-eastern
component A, the north-western component B, and the weak component C between A and
B, following the convention used in Irwin & Seaquist (1988). These components have a
linear extent of about 2 pc at PA= 55◦ with evidence for a growing distance between A and
B at a separation speed of about 0.13c (e.g. Trotter et al. 1998). The component C could be a
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Figure 6.3 − Velocity channel maps of uniformly weighted continuum-subtracted spectral line cube
over 15 velocity channels where the absorption in 1667 MHz is present. The contour levels are −8, −7,
−6, −5, −4, −3, 3 × 0.8 mJy per beam (1σ). 18 cm uniformly weighted continuum map is also shown
with the contour levels at −5, 5, 10, 15, 20, 25, 30, 35, 40 × 0.25 mJy per beam (1 σ). The center (0,0)
position is R.A. = 10h01m57s.805 Dec. = +55◦40’47”.08 (J2000). The synthesized beams are plotted
at the top-left and the bottom-right corner.
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Figure 6.4 − Position-velocity (PV) dia-
gram produced from the naturally weighted
spectral-line visibility cube, sliced along
PA= 15 degrees to align the major axis of the
CO rotation (Sofue & Irwin 1992) and the
cuts used in PV diagrams appeared in (Baan
& Irwin 1995). The reference 0 point of dec-
lination is +55◦40′47′′.08 (J2000). The con-
tours are plotted at 50, 60, 70, 80, 90 percent
of the peak intensity.
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subcomponent of A because only 10 mas from A in the 6 cm and 3.4 cm VLBI maps spatially
separate it. The identification of a true nucleus in the galaxy has been a subject to debate.
Baan & Irwin (1995) used the OH and HI absorption velocity signatures and the spatial
information of the H2O maser components available at that time to identify component
A to be the nucleus. On the other hand, Sawada-Satoh et al. (2000) concluded that the
component B is the nucleus and the dynamical center, around which an H2O maser disk
rotates with a rotation axis misaligned significantly with respect to the kpc-scale CO(1−0)
disk at PA= 30◦. However, none of these three components, A, B, and C shows the flat radio
spectrum expected from a core component. Trotter et al. (1998) proposed that the dynamical
center lies between components A and B, more specifically at the intersection of the jet
axis and a north-south distribution of the H2O masers (see figure 6.8). The north-south
distribution of the H2O maser was more convincingly confirmed in Kondratko (1999) by
measuring the positions of the new red-shifted H2O maser features reported in Hagiwara
et al. (2002). The models proposed in Sawada-Satoh et al. (2000) and Baan & Irwin (1995)
cannot explain the large separation of the components B and A from the linear distribution of
the blue- and red-shifted H2O maser features investigated by Kondratko (1999), and hence
the nucleus is most likely to lie between A and B.

Alternatively, the component C could mark the location of a true nucleus of NGC 3079,
because the H2O maser feature detected by VLBI at VLSR= 1123 km s−1 is in deed the clos-
est in velocity to the systemic velocity (Trotter et al. 1998). The relative weakness of the
H2O maser at C could then be explained by the fact that the amplifying background radio
continuum source is resolved and an optically thick medium lies in the foreground to the
nucleus. Assuming an edge-on H2O maser disk rotating around an assumed nucleus C, the
systemic velocity of the disk can be estimated to be VLSR= 1125 km s−1 from the velocity
center between the blue- and red-shifted velocity edges of the currently known H2O maser
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Figure 6.5 − 18 cm naturally weighted
continuum map superposed with a gray-
scaled 1667 MHz OH intensity map. The
peak flux density of the continuum is
10.3 mJy per beam. The contours are plotted
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features, which are approximately VLSR= 900 km s−1 and 1350 km s−1 (Hagiwara et al.
2002, 2001). This revised systemic velocity of the H2O disk agrees well with the H2O maser
velocity (1123 km s−1) at component C. Also, this velocity is similar to the systemic veloc-
ity of 1116 km s−1 determined from the HI emission. However, the idea that the nucleus is
actually at C is not consistent with the flat radio spectrum source of C and the separation of C
by 5 mas or 0.4 pc from the line connecting the maser spots in north-south direction. Various
monitoring programs have been executed to detect a velocity drift of the systemic compo-
nents as seen in NGC 4258, but they have failed to find any distinct drift to date (e.g. Baan
& Haschick 1996; Hagiwara et al. 2002). The detection of a velocity drift would confirm a
rotating maser disk model proposed in NGC 3079.
Recent VLBI observations ranging from 1.7 to 15.4 GHz actually reveal four continuum com-
ponents in the nucleus of NGC 3079 (Middelberg et al. 2003). However the EVN observation
does not have sufficient spatial resolution to distinguish these sources. Considering the avail-
able evidence, we suggest that the true nucleus indeed lies close to C on the line connecting
components C and B. Because no high brightness component has been detected anywhere
between C and B, the true nucleus ought to be a radio-quiet AGN that is heavily obscured by
an inclined disk traced by the H2O maser components (figure 6.8).

6.4.2 The Nature of the OH Absorption

An important result of our EVN observations is the two different velocity fields observed
for the two OH absorption components on scales of 10 mas towards the unresolved radio
continuum nucleus. The spectrum in figure 6.1 shows that most of the OH absorption was
resolved out in our data set, as compared with single-dish and VLA spectra in Baan & Irwin
(1995). This implies that we observe compact gas that extends no more than the beam size
of 45 mas, or ∼4 pc, which is almost equal to the size of the background continuum. The
OH absorbing gas has been interpreted primarily to be a part of circumnuclear gas traced by
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Figure 6.6 − Mean velocity field of the two 1667 MHz OH absorption components. Contours, indi-
cated on every contour, are separated by 10 km s−1 in LSR velocities with the gray scale indicated on
the top. left: blue-shifted component (OH1), right: systemic velocity component (OH2)

the CO(1−0) emission (Baan & Irwin 1995). Given a single black body temperature of 43 K
based on the measurement of far-infrared (FIR) flux densities at 12 – 100 µm in NGC 3079,
the maximum extent of this large-scale FIR source (e.g. torus) is about 130 pc. The EVN
data have not yet found compelling evidence for such a large-scale torus.

6.4.2.1 The Absorbing Gas Structure

The nucleus of NGC 3079 hosts a LINER or a type 2 Seyfert nucleus. Therefore, the nucleus
could be obscured by an edge-on dusty torus or intervening medium along the line of sight.
Baan & Irwin (1995) argued about a possible association of the two HI and OH absorbing
gas components with the double continuum sources A and B (figure 6.8) because of the
systematic similarity of the HI and OH absorptions. With a 1.0 arcsec (corresponding to
80 pc) resolution of the VLA in A Configuration, the data in Baan & Irwin (1995) were in
fact insufficient to extract precise connections between these absorption components and the
nuclear radio continuum structure.

The VLBI data in Sawada-Satoh et al. (2000) shows that the three HI components are
resolved and that the column densities of each component against A (blue-shifted HI), A+B
(systemic HI), and B (red-shifted HI) are almost the same, suggesting that A(+C) and B are
uniformly obscured by the ISM foreground to the nuclear sources. Our EVN data failed
to resolve A(+C) from B, so that we cannot compare the OH column densities for each
component with those of HI. However, because of the similarity of the HI and OH absorbing
gas, the blue-shifted OH1 and the systemic OH2 could also be associated only with A(+C)
and A+B, respectively. Baan & Irwin (1995) introduced a rotating disk model, in which
the torus is confined in the roughly north-south orientation with an inclination about -20◦

w.r.t the CO(1−0) disk standing at PA= 15◦. In this model, the jet axis connecting the
nuclear radio sources of A, C, and B makes an angle of about 45◦ with the confining torus.
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Figure 6.7 − Comparison of the integrated intensity distribution of the OH double peaks. The EVN
synthesized beam is included at the left corner of each plot (left: 1667 MHz, right: 1665 MHz). The
dashed and solid lines show OH1 (blue-shifted absorption) and OH2 (near systemic velocity), respec-
tively.

Sawada-Satoh et al. (2000) proposed a counter-rotating disk at PA= 30◦ in order to explain
the spatially resolved HI absorption and the H2O masers. The sense of the rotation of the
torus proposed in Baan & Irwin (1995) is consistent with that of the CO disk/core or the
edge-on H2O maser disk proposed in Trotter et al. (1998) and Kondratko (1999). However,
the directions and position angles of the torus, the CO and H2O maser disk are completely
inconsistent with those of the torus model in Sawada-Satoh et al. (2000). A compact
counter-rotating disk probed by HI absorption in Sawada-Satoh et al. (2000) has never been
imaged by any other molecular gas component in the galaxy. Also, the VLBI detection
of the red-shifted HI absorption features used to justify the counter-rotation is tentative
(below 5σ; see figure 4b in Sawada-Satoh et al. 2000). A counter-rotating disk whose
sense of rotation is reversed with respect to the kiloparsec-scale CO(1−0) disk has indeed
been observed in OH absorption in a type 2 Seyfert galaxy NGC 5793 (Hagiwara et al. 2000).

Alternatively, this observed gradient within 10 pc from the nucleus could be also explained
by non-circular motion, such as an outflow of gas from a nucleus. Similarly, two nuclear
disks with radii ∼100 pc embedded in the outer kpc-sc ale gas disk have been clearly re-
solved in CO(2−1) in the merging nuclei of the ultra-luminous infrared galaxy Arp 220. The
rotational sense between these two disks is reversed due to the counter rotation of the two
nuclei themselves (Sakamoto et al. 1999).

6.4.2.2 Interpretations of the Double OH Peaks

The OH absorption in the EVN spectrum shows double peaks with a separation of
101.6 km s−1 in velocity (see table 6.2). Baan & Irwin (1995) considered the association
of OH1 and OH2 with the radio twin peaks A and B (figure 6.8) with an OH velocity gradient
between the two components along the jet axis of approximately 50 cos(φ) km s−1 pc−1. The
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EVN
OH1 (Blue-shift) OH2 (Systemic)

Optical depth (τ ) 0.67 0.46
NOH/Tex (K −1 cm−2) 1.5 × 1015 1.0 × 1015

Global-VLBI
OH1 OH2

Optical depth (τ ) 0.73 ± 0.17 0.79 ± 0.13
NOH/Tex (K −1 cm−2) 9.2 × 1016 1.8 × 1017

VLA (A Configuration)
OH1 OH2

Optical depth (τ ) 1.03 1.28
NOH/Tex (K −1 cm−2) 2.2 × 1016 2.5 × 1016

Table 6.3 − Parameters of the 1667 MHz OH absorption. Global-VLBI data is from Sawada-Satoh
et al. (2000) and VLA data is from Baan & Irwin (1995).

projected separation of the twin radio peaks A and B is ∼25 mas or 2 pc and the projected
angle (φ) lies between the radio axis A-B and the plane of the OH gas motion. The value
of the gradient would be 10 times larger than that of the CO(1−0) kpc-scale disk and the
CO(1−0) nuclear core rotating in the north-south direction, unless cos(φ) is unrealistically
small. Consequently, it is not plausible to introduce an OH velocity gradient between A and B
and explain the gradient by the internal velocity gradients of the CO(1−0) disk/core, although
the direction of the OH velocity gradients agrees with that of the larger-scale CO(1−0) disk.
This velocity gradient would also be about 10 times larger than those seen in the merging
galaxy Arp 220 (Mundell et al. 2001) and the Seyfert galaxies Mrk 231 and Mrk 273 (Klöck-
ner et al. 2003, chapter 5), where HI absorption or OH maser emission reveal a rotating
molecular torus with an inner radius of several tens of parsecs from the central engine.

It has thus become clear that the double peaks arise from two kinematically independent
systems in the nuclear region. The direction of the velocity gradient of the systemic OH2
is in good agreement with that of the CO and H2O maser disks. In addition, the velocity
range of OH2 nearly coincides with the systemic velocity of NGC 3079. We know that the
HI absorption at the systemic velocity is not localized at any nuclear continuum sources but
is seen against the whole nuclear continuum at 21 cm (Sawada-Satoh et al. 2000). This can
be accounted for by clumpy gas in a kiloparsec-scale disk. Accordingly, the systemic OH2 is
likely to probe gaseous components in the CO disk rotation, otherwise it would trace an inner
disk on scales of 10 – 100 pc.
On the other hand, the velocity field of the blue-shifted OH1 is very different from that of
OH2 and the CO disk. Baan & Irwin (1995) argued that a foreground and an expanding
shell driven by the nuclear superbubble could explain the large blue-shift of the OH1 centroid
velocity, while a receding shell may account for the other weak red-shifted OH absorption
component around VLSR= 1260 km s−1, as observed with the VLA. In the starburst galaxy
M 82, outflows of molecular gas extending over 500 pc above the plane of the disk were
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discovered along the minor axis of the galaxy (e.g. Nakai et al. 1987).
It is uncertain whether or not the outflows traced by OH1 are associated with the continuum
outflows in the nuclear radio jets. Both components A and B occur at standing shocks within
the radio jet flow (Trotter et al. 1998), but the velocity gradient of OH1 does not align with this
jet axis (figure 6.8). Therefore, the association of OH1 with the nuclear radio continuum is not
plausible. It is interesting to note that the velocity range of OH1 (VLSR= 956 – 1050 km s−1)
overlaps with that of several blue-shifted H2O features peaking at velocities VLSR= 1012,
1018, 1034, and 1035 km s−1 (Trotter et al. 1998). These features are distributed and have
gradients nearly aligned with extent of the OH1 absorption and its velocity field.
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Figure 6.8 − Schematic views of the nuclear region of NGC 3079. The sizes of components are
drawn roughly in scale. Oval indicates the outline of the unresolved continuum nucleus in figure 6.3.
Upward dashed-arrow denotes the direction of OH1 velocity gradient. Downward arrow shows the
sense of the OH2 velocity gradient that is roughly consistent with the kpc-scale CO rotation, indicated
by thin arrows. A thin dashed-arrow denotes the axis of the kiloparsec-scale superbubble consisting of
wide-angle outflows ejected from the nuclear region. Inset(a) explains the position of a ’true’ nucleus
in the galaxy. The component C have been detected weaker than B at higher than 6 cm, which may
indicate that it is shaded by a inclined torus or disk traced by the H2O masers. Our model is that the
nucleus lies between B and C, which is consistent with Trotter et al. (1998), but locates the nucleus
closer to C. The positions of the nucleus postulated in Trotter et al. (1998) and Sawada-Satoh et al.
(2000) are marked in Inset (b). Inset(b) displays the innermost nuclear region of NGC 3079, where
three radio sources A, B, and C are aligned along PA= 55 degrees. The labels A, B, and C are adopted
from the nomenclature defined in Irwin & Seaquist (1988).
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The two OH emission features identified at VLSR= 910 km s−1 and 1230 km s−1 in Baan
& Irwin (1995) and detected weakly in our data may be accounted for by the blue-shift
ed 1667 MHz and 1665 MHz OH features that lie at velocities just below the OH1 outflow
components. They may arise in the shocked molecular components foreground to the outflow
structure. Some of the H2O maser components that are not found in the edge-on disk of the
Circinus galaxy are interpreted as molecular outflow components; they are ejecta from an
edge-on masering torus (Greenhill et al. 2003). If this picture is true, the blue-shifted OH1,
the OH emission, and the H2O maser components can be explained by their association with
molecular outflows. However, this association cannot be quantified due to difficulties in
comparing the distribution of H2O masers with that of OH absorption measured on very
different angular scales.

6.5 Conclusions and Summary

The broad OH absorption towards the nuclear continuum source in NGC 3079 was imaged
with VLBI technique. The EVN observations reveal two OH absorption components on
scales of several parsecs, one of them is the blue-shifted absorption (OH1), and the other
(OH2) is the absorption at the systemic velocity of the galaxy. Both OH1 and OH2 show
distinct velocity gradients viewed against the unresolved nuclear continuum at 18 cm. The
component OH2 shows a velocity field in roughly north-to-south direction, and the velocity
gradient of the component OH1 is almost reversed to that of OH2. The interpretation of the
kinematics of these components is not straightforward because both the 18 cm background
continuum and the OH components have not been spatially resolved in these observations.
However, a combination of our OH data with previous VLBI data on the radio continuum,
H2O masers and HI absorption in the nuclear region on scales of 100 pc down to sub-parsec
scales help us to structurally explain our data.

1. The blue-shifted component OH1 appears to be clouds associated with molecular outflows.
The scale-size of the distribution of these outflows is not certain. OH1 is associated with an
expanding shell shocked by the nuclear superbubble in the starburst environment. The weak
OH emission features marginally detected in our EVN observation may also be associated
with these nuclear outflows.

2. The velocity gradient of the systemic OH2 is consistent with that of the kpc-scale CO disk
(PA= 15◦). This suggests that the systemic component OH2 traces the clumpy gas, which is
part of the kpc-scale CO disk. Therefore, the components OH1 and OH2 are kinematically
independent molecular gas components. The location and velocity field of the redshifted HI
component may be of interest for understanding the overall kinematics of the nuclear region.

3. The H2O masers in the galaxy have been attributed to a compact disk structure around
the true nucleus located west of the radio continuum component C. Nevertheless, the OH1
velocity range covers that of the blue-shifted H2O maser components. Therefore, the
molecular outflow associated with OH1 could also account for some blue-shifted H2O maser
features.

VLBI observations at even higher angular resolution and high sensitivity would resolve the
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nature of the OH and HI components in relation to H2O maser components in the nuclear
region of NGC 3079.
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CHAPTER 7

On the Geometrical Distribution of
Circumnuclear Hydroxyl

THE unification of active galaxies postulates the existence of a circumnuclear torus or a
thick disk in order to explain the various emission properties seen toward their nuclear

region. In this unification scheme the different orientation of the dusty torus then accounts for
the characteristic line emission seen in such nuclei. The specific properties of such a dusty
structure depend on the geometry and the dust properties blocking most of the nuclear emis-
sion in the optical and infrared bands. In the radio regime this dusty environment becomes
almost transparent, allowing a unique view onto the nuclear power plant and its molecular
environment. The clear association of the OH emission in the radio and the infrared emission
of such galaxies indicates that OH is a perfect tracer for such an environment and therefore
a model has been developed to investigate the spectral signature of OH maser emissions for
different disk and torus geometries.
In order to reproduce the typical line characteristics of extragalactic hydroxyl Megamaser
(OH-MM) emission, a Monte-Carlo approach has been used for which various parameters
and their influence to the synthesized spectrum have been evaluated. The model indicates
that significant changes of the spectral pattern can be associated with cloud size, opening
angle, background continuum emission and different kinematics, that will be discussed for a
prototype circumnuclear structure of 450 pc in size. Furthermore, the assumption required
for determining the optical depth in this model provides strong evidence to the nature of
extragalactic hydroxyl emission itself, that most of the extragalactic maser emission can be
explained by an unsaturated maser process.

Hans–Rainer Klöckner
IN PREPARATION
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7.1 Introduction and Motivation

Galaxies, which are displaying the majority of visible matter in the universe, show emission
properties either dominated by their constituent stars or with a significant non-stellar emission
process. These active galaxies harbor Active Galactic Nuclei (AGN), the most luminous ob-
jects we know and the best markers of the distant reaches of the universe. Understanding both
their physical nature and structure and how to use them to measure cosmological distances
and time evolution of galaxies belong to the biggest challenges in modern astrophysics.

hot spot, lobe

jet axis

ionized region

molecular torus / thick disk (OH, CO)

molecular clouds (CO, OH)
neutral atomic gas (HI)

narrow−line region clouds (optical)

outer extent of accretion disk (H2O)

Figure 7.1 − Drawing of the cross section and the hierarchical structure of the inner kilo-parsec
region in an active galaxy. The different structures are displayed in schematic size scales and labelled
individually by their tracers. In general, the outer tip of the accretion disk is at parsec scales, the
molecular thick disk or torus extends up to a few hundreds of parsecs, and the neutral atomic gas
together with the molecular clouds is spread in a region of up to a kilo-parsec. The scale size of the
outflow can vary from a few parsecs up to several mega-parsecs.

Most of our present knowledge about the three-dimensional structure of the different
components in AGN comes from spectroscopic observations of the atomic or the molecular
gas phase. AGN, which often out-shine the rest of their host galaxies, are generally accepted
to be powered by the release of gravitational energy in a compact accretion disk surrounding a
massive black hole (at sub-parsec scale sizes; Rees 1984). Furthermore, the accretion disk is
the basis of relativistic, bipolar outflow of material into two symmetric jets sometimes ranging
up to a mega-parsec in size. To keep these nuclear engines alive, a constant mass supply is
needed from outside the accretion disk. This reservoir of material is thought to be associated
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with a nuclear torus or thick disk (see figure 7.1). The resulting non-isotropic distribution of
material around the central region is generally believed to be the key in unifying the observed
nuclear emission characteristics, within a unification scheme of AGN (Antonucci & Miller
1985; Barthel 1989).

Although the discoveries in two exceptional galaxies, a rapidly-rotating accretion disk
in NGC 4258 and an obscuring thick disk or torus in Mrk 231, resulting from observations
of extragalactic maser emission, support the scheme of the hierarchical structure of AGN.
However, many aspects of their formation, accretion rate, evolution and even the general
geometric structure of the obscuring material in such a nuclear region still remain open for
debate (Greenhill et al. 1995; Klöckner et al. 2003).

Nevertheless, water-vapor masers are not suitable to study the geometric structure of the
obscuring material because the inferred geometry and thickness of the traced disks cannot
account for the observed obscuration signature and the radiation patterns seen toward their
active nuclei (Maloney 2002; Herrnstein et al. 1998b). Instead the hydroxyl maser features
are spread in the inner nuclear region and are located up to a few hundreds of parsecs from
the central source (Diamond et al. 1999; Lonsdale et al. 1998; Pihlström et al. 2001). Further-
more, the tight correlation of the OH emission and the infrared emission that emerge from
these galaxies indicates that the OH emission is a perfect tracer of the dusty environment
in these structures (see chapter 3 and Baan 1989). Therefore, investigating the low spatial
resolution spectra of OH Megamaser galaxies may reveal the general properties of the dusty
circumnuclear geometry and observations at high spatial resolution may provide important
keys to the distribution of blocking material in individual active galactic nuclei (Klöckner
et al. 2003; Krolik & Begelman 1988; Krolik 1999, and see chapter 5).

Figure 7.2 − Cross-section of the different geometric structures studied. Left panel displays the
torus geometry and the right panel shows the disk and the truncated disk geometry (dashed lines). The
vertical lines (dashed-pointed) indicate the symmetry center of each geometry. The half-obscuration
angle is determined between the tangential point at the inner edge of the torus geometry and the center
of each structure. In order to compare the different geometries, the specific tangential point of the torus
geometry determine the height of the inner edge in the truncated disk geometry. Furthermore, the base-
length of the disk geometry is determined by the diameter of the torus tube.

7.2 The Method
The method to calculate the spatial distribution and the resulting emission line spectrum is
primarily based to best suit the observed properties of maser emission, but it does not strongly
restrict this model to such special kinds of emission processes. In order to understand the
various line signatures seen in the spectrum of OH Megamaser sources (see figure 7.4), the
geometric structure of the circumnuclear environment at three different cross-sections has
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been evaluated (for the individual cross-section see figure 7.2). Such a study has been made
so far only for a truncated disk geometry in order to explain observations made in the infrared
bands of active galaxies. The main result of these studies is that the infrared spectral-energy-
distribution (SED) of a dusty disk is much broader than a single black body (Pier & Krolik
1992). In order to explain these infrared observations best, the dusty environment in these
models is related to a more clumpy medium rather than a dispersed or solid medium (Nenkova
et al. 2002).

Figure 7.3 − Example of the torus geometry seen edge-on. The individual panels showing the line-
of-sight (perpendicular to the plane of the book), column density, the velocity, the optical depth and
the expected spectral signature. The model parameters have been set to a maximal extent of 450 pc
for the geometric structure, a central mass of 5×10

9 M� with a Keplerian velocity field and a half-
obscuration angle of 34◦. The quantities simulated here have been determined on the basis of ∼1300
randomly distributed clouds with a Gaussian shaped extent of 2 σ = 24 pc.
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Figure 7.3 − continued; The truncated disk geometry with model parameters and opening angle
identical to those of the torus geometry.

For the OH Megamaser emission a strong correlation with the infrared properties of the host
galaxy or the nuclear emission has been found and hence it is most likely that the OH emis-
sion may trace such a clumpy medium. Therefore, the calculation to describe the spectral
characteristics of OH Megamaser emission is based on individual test particles or gas clouds
randomly distributed in the 3-dimensional structures of a torus, a truncated disk, and a disk
geometry.

Furthermore, based on the general characteristics of OH Megamaser emission that in
most cases show little effect of saturation (e.g see chapter 3), the modelled maser emission
is assumed to be unsaturated. In the unsaturated limit, where the maser radiation does not
influence the molecular populations, the observed line emission emerges from an isothermal
medium in the Rayleigh-Jeans regime (k T >> hν) and can be described as

Tline = [2Ts − 2T2.7 − Tcont] (1 − e−τ(v)), (7.1)
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Figure 7.3 − continued; showing the disk geometry with identical model parameters.

where Ts is the spin or excitation temperature, T2.7 is the background temperature and Tcont

accounts for the radio continuum background (Goss 1968). If the continuum emission and
line emission do not emerge from the same region, the variation of the optical depth results in
different covering factors, which are assumed to be equal. Therefore the optical depth of the
unsaturated maser emission line can be described in principle by the absorption coefficient
of a two level system, where the energetic higher level is always overpopulated. The line-of-
sight (LOS) optical depth can be described by the integration of the absorption coefficient

τ(v, s) =

∫ ∫

hν

c
NjBji

(

1 − gjNi

giNj

)(exp(− v2

2σ2 )√
2πσ

)

× ds dv. (7.2)

Here the optical depth depends on the column densities, the Einstein coefficient B, the statis-
tical weights of both levels and a Gaussian shaped velocity distribution of each line transition.
Now in order to describe the amplification pattern observed in the evaluated geometries, the
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column density, the velocity dispersion and the velocity need to be calculated. To do so
the calculation is based on the assumption that the numbers of maser photons are directly
related to the number of test particles or gas clouds. Furthermore, the maser emission that
emerges from randomly distributed clouds is assumed to be emitted isotropically. This as-
sumption is based on the traditional way maser luminosities are given. The isotropic value is
4πD2F , where D is the source distance and F the line flux. Since maser emission is highly
anisotropic, this can overestimate the true luminosity of an observed maser feature. Neverthe-
less, precisely because of the anisotropy, there are almost certainly many maser features that
are not beamed towards the observers direction, and so the isotropic luminosity based on the
observed features may provide a reasonable estimate of the actual maser luminosity (Mal-
oney 2002). Furthermore, in the calculations the space between the individual test clouds
toward the center and toward the observer is assumed to be transparent for the individual
maser photons. The required velocity dispersion has been determined via the line-of-sight
velocity field that can be set to Keplerian or solid body kinematics, where a point-like mass
of the individual test clouds or particles in a central potential is assumed. The maser emission
or the line-of-sight optical depth in this model are then determined by the column of clouds.
The velocity and the velocity dispersion are being estimated in cells of equal width and can
be described by

τ� ∼ −N� ×
exp(− v2

�

2 σ2
�

)

σ�

, (7.3)

where v� accounts for the mean velocity in the particular square cell �. This method
allows one to determine the optical depth for different geometries, kinematics, and various
inclinations. Figure 7.3 displays the LOS column density and the velocity field that are
necessary to calculate the optical depth based on equation 7.3.

In general, only a few OH Megamaser galaxies have been observed at spatial resolutions
that are high enough to compare the quantities simulated here with the individual character-
istics of the masering regions. In the case where the spatial resolution is not efficient enough,
the integrated spectrum may be used instead. The model calculation of the integrated spec-
trum has been performed by averaging over the entire structure. Hereby the direct comparison
of the simulated line spectrum with the observed spectrum seen in OH-MM galaxies may be
done on the basis of equation 7.1. However, in order to evaluate the different spectral signa-
tures, it is efficient enough to investigate the calculated optical depth. So far, the described
model accounts for maser emissions emerging from individual clouds where the maser pho-
tons have been produced by self-stimulation.

But the classical OH Megamaser model postulated that sufficient radio background emis-
sion may be needed in order to produce such emission (Baan 1989, 1985). In order to deter-
mine if such emission is essential for OH Megamasers the emission needs to be investigated
on an individual basis. Nevertheless, the effect of such background emission would in general
enhance the maser photon rate from each individual cloud and may change the spectral sig-
nature. Therefore, the following approach has been realized to simulate the influence of such
continuum emission in the model developed. The line-of-sight column density (N�) is en-
hanced to account for higher maser emissivity of the individual clouds that are located at sight
lines at which background emission is present. In the following the model has been used to
produce an overview of various parameters influencing the optical depth and the synthesized
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spectrum.

7.3 Evaluation of Various Parameters

In OH Megamaser galaxies the maser emission shows various kinds of spectral signatures that
vary from single line features of a few tens of km s−1 in width up to multiple line features
covering a velocity range of thousands of km s−1. At highest spatial and spectral resolutions,
the maser emission that shows very broad line emission breaks into several line components
revealing the typical spectral characteristics of a single, a double, or a triple line feature. In
general, the model developed is capable of producing such spectral features, but in order to
provide clues to the geometric setup of the molecular environment in Megamaser galaxies,
the observed morphology of the maser emission needs to be evaluated on an individual basis
and will therefore be postponed for future investigation. The integrated OH emission spec-
trum of individual OH Megamaser galaxies shows distinct spectral patterns and therefore is
suitable to investigate the general distribution of masering clouds in the circumnuclear re-
gion (see figure 7.4). Hereby the OH emission is thought to trace a dusty torus or disk-like
structure in the circumnuclear region of the host galaxy. As described in the previous section,
the optical depth has been determined by maser clouds randomly distributed in a specific
geometry and a Monte-Carlo approach has been used in order to reveal the distinct spectral
characteristics of OH emission. An averaged spectrum can be synthesized from hundred in-
dependent cloud distributions of the different geometrical structures. The physical setup of a
prototype OH-Megamaser emitter has been determined from the general properties revealed
by the OH-Megamaser sample. The sample galaxies indicate that the OH emitter shows
a mean infrared extent on the order of 450 pc and an averaged line width of 171 km s−1

(FWHM), that accounts for a total velocity coverage of about 660 km s−1 (see chapter 3).
In order to model the specific velocity coverage, the mass of the central source or black hole
has been determined to either (5 ± 0.5)×109 M� for a geometry seen edge-on with Kep-
lerian motion or to (2 ± 0.2)×109 M� for solid body motion. To evaluate the model the
averaged spectrum has been determined for each geometry for various specifications, such
as cloud sizes, obscuration- or opening-angles, changing inclination or line-of-sights, under-
lying background continuum emission, and different kinematics and will be discussed in the
following sections.

7.3.1 Various Clouds Sizes

The OH Megamaser emissions at the lowest spectral resolution show line emission features
sometimes spread over thousands of km s−1 in velocity, where at higher spectral resolution
these emission lines break into individual line features. Nevertheless, the OH Megamaser
spectrum generally shows rather smooth emission line features as compared with extragalac-
tic water-vapor emission (see figure 7.4 and chapter 1). This already provides the first char-
acteristics of the individual maser clouds. In order to synthesize a line spectrum with smooth
emission lines, each of the individual OH clouds or test particles needs to be extended. To
generate the various cloud sizes in the model, the cell sizes of each sight line are variable and
can be additionally smoothed by a Gaussian-shaped function.

The influence of the various cloud sizes on the spectral pattern is shown in figure 7.5. Here
the spectra indicate that for small cloud sizes the emitted spectrum shows spiky line emission
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Figure 7.4 − Representative spectra of the extragalactic OH 1667 MHz main-line emission. Left
panel: a triple emission line spectrum seen at parsec scale resolution in Mrk 273, such characteristics
of triple line features have also been seen toward other Megamaser sources (e.g. IRAS 10039−3338
or IRAS 21272+2514, Killeen et al. 1996; Darling & Giovanelli 2000). Middle panel: double peak
line emission seen in IRAS 03260−1422 (chapter 2). Right panel: single emission line feature seen in
IRAS 08071+0509 (chapter 2).

features that are broadened by increasing cloud sizes. Note that in the synthesized spectrum
the spiky line emission and the large errors at specific velocities are caused by regions of low
density with a large variation of the velocity dispersion and the column densities. In general,
a smooth spectrum can be achieved for clouds over an extent of larger than 14 parsec (see
figure 7.5). In order to reduce the effect of large errors caused by the low density regions, the
cloud size of the following simulations has been set to 24 pc.

For the lower limit of cloud size and for the model parameters, the internal velocity dis-
persion of these clouds is of the order of 44.7 km s−1 or 0.2 MHz (for the model param-
eters see figure 7.3). To evaluate whether such dispersion displays normal conditions in
the interstellar medium, the line width can be used to determine the temperature of a sta-

tionary layer of gas via σ = 2(ν/c)
√

kT
m , where m is the mass of the hydroxyl molecule

(mOH = 0.984 amu = 1.66 10−27 kg and for further astrophysical quantities see Cox 2000;
Cook 1977). To describe the synthesized dispersion of the clouds, such a gas layer must have
a temperature on the order of 5.5 ×104 K. Such a high temperature has been seen in the hot
ionized gas phase in the ISM that is thought to be produced by supernova explosions (see e.g.
Walter 1999). Therefore the high velocity dispersion most likely indicates turbulence seen
in the dusty environment rather than physical gas temperatures. This result is quite striking,
because maser emission is expected to show low dispersion in order to conserve velocity co-
herence for the individual maser photons and provides an additional clue on the maser process
itself. Such velocity dispersion would account for optically thin conditions for the infrared
pumping lines and therefore for a continuous pumping mechanism.

7.3.2 Various Obscuration Angles

The influence of the various obscuration angles of the individual geometrical structures on
the averaged spectrum of the maser emission is shown in figure 7.6. The displayed spectra are
shown for an edge-on geometry at which the largest systematic changes in the averaged spec-
trum are expected. In principle, only the torus and the truncated disk geometry have identical
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obscuration angles, because of systematic errors in determining the obscuring angle for the
disk geometry. This error is caused by the fixed spatial extent of the masering structure, but it
is well understood and grows for an increasing obscuration angle. The determined obscura-
tion angle of the disk geometry will be systematically smaller than for the other geometries.
Therefore, the spectra of the disk geometry for high obscuration angles should be taken for
reference only. For the different cross-sections and the definition of the opening angle see
figure 7.2. Note that the maximal path length of an edge-on disk in this model is defined by
the same length of the torus tube. At small obscuration angles where the systematic effect
of the disk geometry is rather small, all three different geometries show similar synthesized
spectra. In particular, these spectra show triple emission line features with a dominant line
emission feature at center velocity. The central line feature in a truncated disk geometry
shows a slightly enhanced optical depth with respect to the other geometries, that is related
to the larger number of clouds at systemic velocity. In general, for the individual geometries
in figure 7.6, the strength of the central line feature with respect to the line features at the
edges of the spectrum is decreasing for an increasing obscuration angle. Furthermore, for
small obscuration angles the central line feature is slightly narrower than the line features at
the edges of the spectrum. However, no clear distinction between the different geometries
can be made, although for small obscuration angles the central line emission feature of the
truncated disk may indicate a higher optical depth compared with that of the torus geometry.

In order to determine the appropriate obscuration angle for further investigation of the
model structure, the obscuration angle can be compared with the opening angle that has been
found by the relative number counts of Seyfert type galaxies. The difference between the
half-obscuration angle used in the simulation and the half-opening angle is 90◦. The most
interesting outcome of the evaluation of the obscuration angle is that in order to produce triple
line emission features with a stronger central component in a spectrum, the model predicts
half-obscuration angles ranging from 50◦ to 30◦ (or 60◦ to 40◦ half-opening angle). This
range covers remarkably the opening angles found for various samples of galactic nuclei
(Schmitt et al. 2001, and references therein). The specific opening angle found for these
types of galaxies has been shown in figure 7.7. For the half-opening angle of 38◦ (Seyfert 1
to Seyfert 1.5) the OH emission spectra would show almost equally enhanced emission line
features at the edges with respect to the central emission line feature (half-obscuration is 52◦,
top panel of figure 7.7). Such a specific spectral signature has not been seen in OH-MM
galaxies and therefore this opening-angle has been excluded to explain the OH emission.
The same is true for the half-opening angle of 48◦ (Seyfert 1 to Seyfert 2), where the OH
emission spectra show almost equal height of the line emission features at the edges and
the center velocity of the spectrum (half-obscuration is 42◦, middle panel of figure 7.7).
Also for a half-opening angle of 56◦, which has been seen in a sample of Seyfert 1.8 to
Seyfert 1.9 galaxies, a distinct difference in strength of the triple lines could not be clearly
determined (half-obscuration is 34◦, bottom panel of figure 7.7). Nevertheless, the simulation
in figure 7.6 shows that the strength of the central line emission feature increases for smaller
obscuration angles and therefore the lowest determined opening angle has been used for the
following investigations.

7.3.3 Various Line-of-Sights

The influence of changing line-of-sights (LOS) on the different geometric structures and on
the synthesized spectrum is shown in figure 7.8. For increasing inclination, starting from
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edge-on (inclination = 0◦) to almost face-on (inclination = 90◦), each geometry shows strong
changes of the averaged spectrum. In general, the velocity range covered by the modelled
optical depth decreases for increasing inclination for all geometries. Furthermore, the in-
fluence of strong variations of the optical depth is indicated by large errors in the averaged
spectrum that increase for higher inclination. Such systematics is caused by specific regions
of low density and various velocity dispersion mostly located at the outer boundaries of the
individual structures. The most significant change to the averaged spectrum for each geom-
etry is that, for increasing inclination, the specific emission line features at the edges of the
spectrum disappear for inclinations larger than ∼15◦ and only the central emission line fea-
ture remains from the triple line pattern. At increasing inclinations this central emission line
feature remains as a broader emission band up to inclinations of about 60◦. For inclinations
larger than 60◦ that specific broad emission band vanished to an almost featureless narrow
line emission.

Summarizing, for various inclinations no systematic difference can be seen in the aver-
aged spectral pattern for the different geometries.

7.3.4 Influence of Background Emission

The influence of background continuum emission is evaluated and shown in the figures 7.9
and 7.10, where the averaged spectra have been synthesized for continuum emission affecting
clouds at specific regions in each of the different geometries. So far, in the presented simu-
lation the assumption has been made that each cloud contributes equally to the synthesized
emission line spectrum. In order to simulate the influence of background continuum emission
to the maser emission, the emissivity of each cloud has been changed. It has been realized
that the maser photon emissivity of such clouds is enhanced by the factor of the square root
of the total number of test clouds located in each geometry. By applying this factor, the in-
crease of emitting photons per cloud accounts for the statistical error and does not dominate
the individual spectrum in the Monte-Carlo simulation.

In the first approach, the influence of background emission that emerges from the cen-
tral region has been simulated. For this setup the assumption is made, that the continuum
emission affects all clouds in the front side of each geometry towards the observer. Such
background emission shows no clear change of the spectral pattern in the spectrum (see top
panel in figure 7.10). This result is explained by the symmetry of the distribution of clouds in
the back- and front-side of each geometry, where the spectral pattern so synthesized is similar
to a spectrum produced by a factor two less clouds. In order to see if background emission
is capable to produce significant asymmetries in the averaged spectrum, the influence of con-
tinuum emission affecting the cloud emissivity at specific parts of each geometry has been
investigated. Hereby, the influence of continuum emission affecting clouds at certain radii
is displayed in figure 7.9. Such continuum emission generally influences the strength of the
central line with respect to the line features at the edges of the spectrum. Here it is found that
different geometries affect the averaged spectrum. For a torus- and disk-like structure the fea-
tures at the highest velocities are heavily reduced, whereas these line features are relatively
enhanced in the truncated disk compared to the central emission line feature. Apart from this
result no clear asymmetry in strength or in spectral shape of the line emission features could
be produced (for an asymmetric spectrum see e.g. figure 7.4). Another approach to produce
asymmetries in the spectral pattern is to have continuum emission that affect only specific
sections of the individual geometries. The influence of such background emission has been
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displayed in figure 7.10. The definition used for the individual sections at which background
emission affects the cloud emissivity is based on a face-on structure. The range between 360◦

to 180◦ is defined as 21:00 hrs – 15:00 hrs and a 30◦ section e.g. at 270◦– 240◦ corresponding
to 12:00 hrs – 13:00 hrs. As already described above, there is no influence of background
emission to the spectral pattern if clouds are affected in the region between 180◦ to 360◦ (top
panel figure 7.10). Apart from this, clear evidence is found that individual regions account
for specific asymmetries in the spectral signature. Line features at the edges of the spectrum
can be enhanced by increasing the emissivity of the particular clouds ranging in the region
180◦ and 210◦, whereas a clear asymmetry of the line features can be achieved by clouds in
the region between 210◦ to 240◦. In addition, a asymmetry of the central line feature can be
produced by continuum emission affecting the region between 240◦ to 270◦.

Summarizing, asymmetries in an OH emission spectrum can be produced by asymme-
tries of an underlying continuum emission, where the background continuum emission illu-
minates only some parts of the foreground maser structure. In reality such asymmetry can be
caused by a radio outflow being misaligned to the axis of symmetry of the molecular envi-
ronment in the circumnuclear region. Evidence that such misalignment is possible in nature
is displayed by different orientations of the radio outflow and the maser emission seen in the
OH-Megamaser galaxy Mrk 231 (Klöckner et al. 2003).

7.3.5 Radial Velocity Component

The asymmetry of the line shape of individual emission line features in the spectrum of OH
Megamaser galaxies may, apart from the underlying continuum emission, also be caused by
outflow of material (Baan et al. 1989). The influence of outflow on the velocity would not
change the general appearance of the velocity field, but it would influence the orientation of
the minor symmetry axis of the velocity field. This can be explained as follows: if outflow
is present the line-of-sight velocity [VLOS] is a combination of the circular velocity [Vc] and
radial outflow velocity [Vr] described by

VLOS(φ) = V0 + Vc sin(φ) + Vr cos(φ), (7.4)

where V0 is the systemic velocity and φ describes the angle to the symmetry axis of the
major axis of a face-on seen circular geometry. Note that Vc in this model is determined
for Keplerian or solid body kinematics. In particular, to understand the influence of both
velocity components (Vc and Vr), it is helpful to evaluate the special cases at which one of
the components is negligible. For a sight line towards the center of an edge-on geometry the
radial outflow would dominate the LOS velocity, whereas at the edges the radial component
is negligible for the LOS velocity. In principle, outflow only affects the orientation of the
minor axis with respect to the major axis of the velocity field and does not change its general
appearance. Therefore changes of the velocity field caused by outflow have been realized
in the model by rotating the minor axis of the velocity field. In figure 7.11 the influence of
radial outflow on the spectral signature is shown by increasing the orientation by factors of
15◦. In particular, a change of 15◦ in azimuth does not show a general change of the spectral
signature. But in comparison to ordinary Keplerian kinematics, the central emission feature
shows lower amplitude and a broader line width. By increasing the influence of the outflow on
the velocity field, the averaged spectrum shows a less enhanced central emission component,
that completely vanishes for an outflow that causes a 45◦ change in the orientation of the
minor axis of the velocity field.



7.4. Conclusions 117

7.3.6 Solid Body Kinematics

In order to investigate the effect of different kinematics on the synthesized spectrum, Keple-
rian and solid body rotation have been evaluated. Intuitively, the solid body rotation may not
play a role in extragalactic maser emission, but it has been shown that in some galactic nuclei
the motion traced by spectral lines can mimic a solid body rotation (Spoon et al. 2003; Cole
et al. 1999). Therefore, the required mass density must in principle increase with larger radii.
Such an effect may be achieved by the distribution of massive stars producing an averaged
density that mimics solid body rotation.

The principal change to the spectral signature of this type of kinematics at various incli-
nations is displayed in figure 7.8. Compared to the averaged spectrum of a Keplerian velocity
field (e.g. bottom panel figure 7.7), the synthesized spectrum for an edge-on geometry shows
a rather smooth spectral pattern, where the central line feature is weaker and shows a broader
line width with respect to the features at the edge of the spectrum. For an increasing incli-
nation this specific spectral pattern changes dramatically for the individual geometries. For a
torus structure the spectral pattern shows only small changes at inclinations ranging from 90◦

(edge-on) to 30◦. For lower inclinations, the line features at the edge of the torus spectrum
disappear for almost face-on sight lines. These line features disappear for the truncated disk
structure and the disk structure already for small deviations from an edge-on sight line. Fur-
thermore, the disk geometry shows no clear spectral line feature for increasing inclinations.

Summarizing, for an edge-on seen geometry no specific spectral differences are produced
by Keplerian or solid body rotation. Nevertheless, a clear difference between these two types
of kinematics is revealed for changing inclinations, and furthermore clear distinctions for the
different types of geometries are found.

7.4 Conclusions

The simulations evaluated here are to first order to understand the spectral signature seen in
the spectrum of individual OH Megamaser sources. Based on a fixed set of global parameter
that had been adopted from the averaged values of the OH Megamaser sample, a prototype
emission spectrum has been produced in order to relate principal changes of the distribution of
masering clouds and various physical parameter to general changes in the spectral signature.

In general, the simple assumption that optically thin masering clouds are randomly dis-
tributed in a certain geometry is capable of reproducing the basic line emission features seen
in OH Megamaser galaxies (see figure 7.4). Furthermore, the assumption used to calculate
the spectral signature of the emission line spectrum provides another good constraint on the
nature of the extragalactic hydroxyl maser emission processes itself. In order to give a rather
smooth spectral pattern, the maser clouds need to be extended and show turbulent velocity
profiles, that would provide enough line-of-sight velocity that the infrared pumping is not
affected by large optical depth. Therefore, the model developed here supports the concept
that OH Megamaser emission is produced by an unsaturated maser process.

Furthermore, the model is used to investigate the spectral pattern caused by a different
distribution of maser clouds in a nuclear region of maximal 450 pc in extent. This geometry
setup is in general capable of explaining the typical OH Megamaser emission signatures of a
single, a double, and a triple line emission feature. In order to reproduce a triple line emission
feature with an enhanced central line feature in the spectrum, the individual geometries need
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to be seen almost edge-on with an obscuration angle ranging between 50◦ to 30◦. A true
double line emission feature cannot be produced with the model by changing only general
properties. Moreover, to produce such double line emission characteristics, the model indi-
cates that the velocity field needs to be influenced by a radial velocity component possibly
produced by outflows. Nevertheless, the model indicates that either for large opening angles,
solid body kinematics or large inclinations, the line emission features at the edges of the spec-
trum can be strongly enhanced with respect to the central emission feature and therefore can
mimic a spectrum with double line characteristics. A single line feature can be produced by
changing the line-of-sight for the individual geometries. For inclinations lower than 80◦, the
spectral patterns show a single line emission feature at center velocity for geometries seen
almost face-on.

In addition, in some cases OH Megamaser emission shows asymmetries both in the line
spectrum as well as in the profile of single emission line features. The model shows that an
outflow or radio background emission is necessary to produce such asymmetries. For further
investigation of the influence of background emission on the spectral pattern, the structural
information of individual OH-Megamaser galaxies needs to be evaluated.

Basically, the motivation to investigate the spectral signature of OH emission has been to
produce constraints on the individual geometries of the circumnuclear environment of such
galaxies. These investigations shows that no general spectral signature can be associated with
a specific geometry. Only slight differences in the spectral signature of individual geometries
could be found by applying background continuum emission or different kinematics to the
geometric structure. The model developed has also been used to determine general changes
to the spectral pattern and has not taken into account the spatial distribution of the OH
emission. Therefore, the geometric distribution of the OH emitting clouds may only be
investigated by means of individual observations at sufficient spatial resolution, in order to
provide a constraint on the geometric structure of the obscuring material in active galaxies.
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7.A The Influence of Various Parameters on the Averaged Spectrum

Figure 7.5 − Averaged spectra for different cloud sizes from left to right for an edge-on torus, trun-
cated disk and disk-geometry. From top to bottom the cloud sizes increase. The clouds have a projected
Gaussian shape mass distribution of 2 σ in size of 3.5 pc at the top, 9.7 pc, 14 pc and 24 pc at the bottom.
Each spectrum has been averaged to a velocity resolution of about 7 km s−1 and the estimated error for
each velocity bin have been determined by 100 independent cloud distributions and is indicated by the
gray frame. The model setup is similar to the parameters described in figure 7.3.
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Figure 7.6 − Averaged spectra for different obscuration angle from left to right for an edge-on torus,
truncated disk and disk-geometry. From top to bottom the half-obscuration angle increases from 10◦

in steps of 10◦ to 40◦ at the bottom. Each spectrum has been averaged to a velocity resolution of about
7 km s−1 and the estimated error for each velocity bin has been determined by 100 independent cloud
distributions and is indicated by the gray frame. The model setup is similar to the parameters described
in figure 7.3.
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Figure 7.6 − continued; starting at the top with a half-obscuration angle of 50◦ and increasing in
steps of 10◦ to 80◦ at the bottom.
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Figure 7.7 − Averaged spectra for specific obscuration angle found for relative numbers of Seyfert
nuclei. The spectra from left to right are determined for an edge-on torus, truncated disk and disk-
geometry. The half-obscuration angle at the top of 52◦ accounts for a half-opening angle deduced from
the relative numbers of Seyfert 1 to 1.5 types; in the middle panel the obscuration angle of 42◦ for
Seyfert 1 to 2 and 34◦ for Seyfert 1.8 to 1.9 types at the bottom (Schmitt et al. 2001). The model
parameters are similar to the setup described in figure 7.3. Each spectrum has a velocity resolution
of about 7 km s−1 and the estimated error for each velocity bin is determined by 100 independent
distribution of the maser clouds in the specific geometry and is indicated by the gray frame.
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Figure 7.8 − Averaged spectra for a torus geometry seen at different inclinations. From the top left
to the bottom right the inclination decreases by a step of 10 degrees. The model parameters are similar
to the setup described in figure 7.3. Each spectrum has a velocity resolution of about 7 km s−1 and the
estimated error for each velocity bin is determined by 100 independent distribution of the maser clouds
in the specific geometry and is indicated by the gray frame.
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Figure 7.8 − continued; a truncated disk geometry seen at different inclinations.
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Figure 7.8 − continued; a disk geometry seen at different inclinations.
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Figure 7.9 − Influence of a background continuum emission on the averaged spectrum. The spectra
from left to right are determined for an edge-on torus, truncated disk and disk-geometry. The con-
tinuum emission of the different geometries radially affects the individual maser clouds. The spectra
from top to bottom show the effect of continuum emission affecting clouds at radial distances of 75%,
50%, 25% and 75% – 25% of the tube diameter of the torus geometry. Each spectrum has a velocity
resolution of about 7 km s−1 and the estimated error for each velocity bin is indicated by the gray
frame.
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Figure 7.10 − Influence of continuum emission affecting different sections to the averaged spectrum.
The spectra from left to right are determined for an edge-on torus, truncated disk and disk-geometry.
The ranges of the geometric structure where the continuum emission affects the emissivity of the maser
clouds are from top to bottom 180◦– 360◦ (front of each geometry), 180◦– 210◦ (section from 15:00 –
16:00 or 20:00 – 21:00 hrs), 210◦– 240◦ (section from 16:00 – 17:00 or 19:00 – 20:00 hrs), and 240◦–
270◦ (section from 17:00 – 18:00 or 18:00 – 19:00 hrs). Each spectrum has a velocity resolution of
about 7 km s−1 and the estimated error for each velocity bin is indicated by the gray frame. For visual
comparison with spectra not being affected by continuum emission, the spectra at the bottom panel of
figure 7.7 may be used.
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Figure 7.11 − Influence of outflow on the averaged spectrum. The spectra from left to right are
determined for an edge-on torus, truncated disk and disk-geometry. The specific outflow will change
the orientation of the minor axis of the velocity field. Starting at 15◦ at the top, the orientation of the
minor axis decreases by a step of 15◦ to the bottom. Each spectrum has a velocity resolution of about
7 km s−1 and the estimated error for each velocity bin is indicated by the gray frame. Note that for the
disk geometry the regions with low density affect the spectral signature. For visual comparison with
spectra not being affected by continuum emission, the spectra at the bottom panel of figure 7.7 may be
used.
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Figure 7.12 − Averaged spectra for solid body velocity field, from left to right, edge-on torus, trun-
cated disk and disk-geometry. From top to bottom the inclination changes from 90◦ to 30 ◦ by a step
of 20◦. Each spectrum has been averaged to a velocity resolution of about 7 km s−1 and the estimated
error for each velocity bin has been determined by 100 independent cloud distribution and is indicated
by the gray frame. The model setup is similar to the parameters used in figure 7.3.
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EMISSIE van hydroxyl- en watermoleculen in extragalactische mega-masers werd voor het
eerst waargenomen in de vroege jaren tachtig. Deze moleculen onthulden een nieuwe

klasse van maseremissie, met isotrope helderheden die enkele ordes groter zijn dan die van
galactische masers. Sterrenstelsels met deze uitzonderlijke zogeheten mega-maseremissie
vertonen extra activiteit in hun binnendelen in de vorm van stervorming of een actieve kern.
De combinatie van maser-emissie met dergelijke activiteit in de binnendelen geeft aan dat
de lijnstraling afkomstig is uit de omgeving rondom de kern van het stelsel. Extragalactisch
hydroxyl (OH) is ook waargenomen in enkele objecten met extreem brede absorptiebanden.
Deze kunnen een andere, zeer belangrijke blik op de binnendelen van sterrenstelsels werpen.
Recente waarnemingen op parsec-schaal laten zien dat de moleculaire omgeving in deze ker-
nen zeer complex is. Dit impliceert dat op deze schaal ieder stelsel individueel bestudeerd
dient te worden.
Een onderdeel van het hier gepresenteerde onderzoek maakt gebruik van interferometrie met
zeer lange basislijnen, met als doel de OH emissie en absorptie die gezien is in de richting van
drie stelsels te bestuderen op een schaal van parsecs. Verder zijn op verschillende roodver-
schuivingen experimenten uitgevoerd om stelsels te vinden waar hydroxyl in voorkomt. Het
doel hiervan is de langzaam groter wordende database van stelsels waarin hydroxyl is waarge-
nomen, verder uit te breiden. Op basis van deze data worden de algemene eigenschappen van
OH mega-masers nog steeds onderzocht. Deze eigenschappen kunnen vergeleken worden
met de eigenschappen van stelsels waar OH in absorptie wordt waargenomen. De algemene
eigenschappen van de uitzonderlijke OH emissie zijn nog steeds nauwelijks begrepen. Hier
zijn deze onderzocht door gebruik te maken van de algemene eigenschappen van de stelsels
waarin de emissie wordt waargenomen. Tenslotte is op basis van de OH emissie een model
voor de ruimtelijke structuur van de binnendelen van sterrenstelsels ontwikkeld en worden
enkele eerste resultaten besproken.

gedeeltelijk gepubliceerd als:
Hans–Rainer Klöckner and Willem A. Baan JENAM: A “CLEAR” VIEW OF THE

NUCLEUS: THE MEGAMASER PERSPECTIVE
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Basiskennis

Maseremissie

Maseremissie en het daaraan verbonden theoretisch concept werd ontdekt en ontwikkeld in
het laboratorium. Het acroniem maser staat voor Microwave Amplification by Stimulated
Emission of Radiation, microgolfversterking door gestimuleerde stralingsemissie (in de al-
gemeen bekende laser is het woord microgolfstraling vervangen door licht). In een maser
wordt de microgolfstraling versterkt tot een krachtige straal. Deze versterking wordt veroor-
zaakt door een soort sneeuwbal- of domino-effect. In het algemeen ontstaan emissielijnen
als een atoom of molecuul vanuit een aangeslagen toestand (een toestand met een hogere
energie) terugvalt in een lagere energietoestand. Dit terugvallen leidt tot het uitzenden van
een foton met een bepaalde golflengte. Dit resulteert in de lijnstraling. Het is echter niet
te voorspellen wanneer een bepaald atoom of molecuul zal terugvallen. Daardoor leidt dit
spontane emissieproces tot het willekeurig en incoherent verschijnen van fotonen. Maar deze
fotonen kunnen op hun reis door de interstellaire ruimte ook weer atomen of moleculen in
een aangeslagen toestand brengen. De enige mogelijkheid om zulke emissiestraling in de
interstellaire ruimte waar te nemen is de gelukkige omstandigheid waarin men veel atomen
of moleculen tegelijkertijd waarneemt, zodat een meetbaar signaal ontstaat. Er bestaat echter
een manier om de moleculen sneller en meer voorspelbaar fotonen te laten uitzenden. Als
er straling voorbijkomt met precies dezelfde golflengte als de emissielijn, dan kan deze het
aangeslagen molecuul er toe brengen om direct een foton uit te zenden en dit aan de voor-
bijkomende straling toe te voegen, waardoor deze wordt versterkt (zie figuur 1). Dit effect
wordt extreem groot als zich abnormaal veel moleculen in de aangeslagen toestand bevinden.
De moleculen gedragen zich dan als dominostenen; ze vallen achter elkaar terug in een la-
gere toestand. Dit leidt tot een krachtige straal met een bepaalde golflengte. Dit effect werd,
zoals gezegd, voor het eerst ontdekt in een kunstmatige omgeving van niet-thermisch even-
wicht in het laboratorium. Pas later werd het duidelijk dat in het heelal deze condities van
niet-thermisch evenwicht niet ongewoon zijn.

Oorsprong van galactische maseremissie

De eerste waarnemingen van mysterieuze microgolf emissielijnen werden gedaan in de
richting van verschillende HII gebieden, waarvan bekend was dat ze hydroxyl (OH)
absorptielijnen hadden. Deze lijnen hadden ongewone eigenschappen die door de auteurs
in die tijd niet verklaard konden worden (Weaver et al. 1965). Kort na deze waarnemening
werden deze lijnen geı̈nterpreteerd als maseremissie, wat een mogelijke verklaring voor het
emissieproces, de extreme helderheid, de polarisatie van het licht en de verhoudingen van de
lijnsterktes gaf (Perkins et al. 1966). Tot op heden zijn verschillende moleculen gevonden
die maseremissie vertonen (zie tabel 1) en die cruciale informatie over het masergebied zelf
en over de dynamica van de omringende omgeving hebben opgeleverd. Tevens kan maser-
emissie dienen als een nauwkeurige afstandsmaat, onafhankelijk van bekende methodes die
gebaseerd zijn op eigenbeweging of faseverschuiving (Genzel et al. 1981; Herman & Habing
1985) en ook als methode om met behulp van het Zeeman effect magnetische veldsterktes te
bepalen (Reid & Silverstein 1990).
Andere plaatsen in de Melkweg waar maseremissie is waargenomen, zijn stervormingsgebie-
den, planetaire nevels, circumstellaire schijven en schillen rond sterren, waar ze helpen om
de fysische eigenschappen van de omgeving op schalen van enkele astronomische eenheden
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Figuur 1 − Het pomp- en versterkingsprincipe van maseremissie. Het afgebeelde scenario laat een
maser zien met drie niveaus. De overbevolking van een aangeslagen toestand wordt veroorzaakt door
een energetische pomp naar een nog hoger niveau (linker plaatje). De levensduur van dit niveau is
relatief kort en het terugvallen in een lagere (maar nog steeds aangeslagen), meer stabiele toestand
vindt vrijwel direct plaats. Hierdoor raakt dit middelste niveau overbevolkt. Op het moment dat in
een wolk een foton een molecuul raakt dat zich in dit middelste niveau bevindt, kan dit molecuul
terugvallen in een lagere energietoestand. Dit veroorzaakt een extra foton dat in dezelfde richting gaat
als het eerste foton. Dit versterkingsproces kan tot zeer sterke straling leiden. Zolang het pompproces
efficiënt genoeg is om aangeslagen moleculen op de weg van de uitgestraalde fotonen te plaatsen zal
het aantal fotonen op die weg toe blijven nemen. Zo’n maser wordt onverzadigd genoemd. Dit scenario
is afgebeeld in het rechter plaatje. Als het pompproces niet efficiënt is, dan zijn er veel meer fotonen
dan aangeslagen moleculen. Deze fotonen zullen dus niet gestimuleerde emissie veroorzaken. Deze
fotonen verdwijnen in het maser proces en de maser wordt verzadigd genoemd. Merk op dat de termen
verzadigd en onverzadigd in de astronomische terminologie precies omgekeerd gebruikt worden als in
de experimentele natuurkunde (Reid & Moran 1988).

tot honderden parsecs te onthullen. Het meeste onderzoek is gedaan aan de klassieke
masermoleculen H2O en OH in zowel de Melkweg als in extragalactische objecten. Het
onderzoek dat in dit proefschrift beschreven staat, is gebaseerd op objecten waarin OH
straling uitzendt alsook op een object waarin OH straling absorbeert. Dit laatste object
vertoont ook H2O Megamaser emissie. In de volgende paragrafen wordt een overzicht
gegeven van de eigenschappen van maseremissie afkomstig uit de Melkweg met als doel
verbanden met extragalactische maseremissie te vinden.

Hydroxylmaseremissie is op verschillende rotatieniveaus waargenomen, maar voornamelijk
middels de vier maserlijnen die de grondtoestand bevat: de secundaire (1612 en 1720 MHz)
en de primaire (1665 en 1667 MHz) lijnen. De primaire en secundaire lijnverhoudingen van
galactische bronnen wijken af van de LTE (Locaal Thermodynamisch Evenwicht) lijnverhou-
dingen in de verhouding 1-1-5-9 (1612 MHz, 1720 MHz, 1665 MHz, 1667 MHz). De spectra
van de secundaire en de 1665 MHz primaire lijn zijn met name in stervormingsgebieden lastig
waar te nemen door een gebrek aan ruimtelijk oplossend vermogen. Binnen de stervormings-
gebieden worden 1612 MHz masers vaak geassocieerd met laat-type sterren, terwijl de 1720
MHz lijnen geassocieerd worden met supernova resten (Caswell 1999). De secundaire OH
maserlijnen in stellaire schillen vertonen versterkte 1612 MHz emissie en zwakke polarisatie.
Deze type-II sterren∗ zijn voornamelijk laat-type sterren met een matige tot sterke fluxover-

∗Om historische redenen worden sterren met primaire lijnen type-I en de sterren met secundaire lijnen type-II
genoemd.
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maat in het infrarood, wat aanwijzing is voor een dikke, stoffige schil. Sterren met primaire
lijnemissie (type-I) worden vooral geassocieerd met helderder infraroodkleuren (Sjouwerman
1997) en de dominante 1665 MHz lijnen vormen een aanwijzing voor een grotere spectrale
index voor het stof en een duidelijke samenstelling van stof (Elitzur 1992a). In tegenstelling
tot de stellaire maserlijnen is de 1665 MHz primaire lijn van OH vooral duidelijk richting
HII/OH gebieden (de sterkste OH emissie wordt bijv. gevonden in W3(OH), een voorbeeld
van een HII gebied). Deze lijn vertoont versterkte en gepolariseerde emissie in combinatie
met zwakke 1720 MHz secundaire emissie (zie bv. Elitzur 1992b; Argon et al. 2000; Caswell
& Haynes 1983).

Dergelijke masers komen voor aan de rand van de HII/OH gebieden waarmee ze geasso-
cieerd worden. De omgeving van zo’n maser is een door een schok uitdijende en samenge-
perste schil van materie (Elitzur & de Jong 1978). Dergelijke masers zijn onderdeel van de
kortdurende eerste fase (104 jaar) in de ontwikkeling van HII gebieden. Hoewel de lijnver-
houdingen in de masers van gebied tot gebied sterk verschillen, is het zeer waarschijnlijk dat
OH energetisch gepompt wordt door middel van een infrarood stralingsveld (zie bv. Elitzur
1992b). De enige uitzondering lijkt de versterkte 1720 MHz emissielijn te zijn. Deze lijn is
het minst vaak waargenomen en de aanwezigheid vormt een aanwijzing voor een interactie
tussen supernova-resten en moleculaire wolken. De huidige excitatiemodellen laten zien dat
C-schokken (≤ 50 km s−1) de condities voor een OH 1720 MHz maser kunnen produceren
middels energetisch pompen door botsingen (Lockett et al. 1999).

De waterdamp masers op 22 GHz worden gevonden in vergelijkbare objecten als de hydroxyl
masers, met dien verstande dat de emissie ruimtelijk gescheiden is van de OH. Modelbere-
keningen en waarnemingen laten zien dat de 22 GHz lijn niet uniek is en dat meerdere over-
gangen populatie-inversie kunnen hebben (bijv. de 321 GHz sub-mm maser, Menten et al.
1990). H2O masers worden waargenomen in de richting van veel stervormingsgebieden en
er is een zeer goede correlatie tussen het voorkomen van HII gebieden en het voorkomen van
OH masers. De morfologie is echter behoorlijk complex en verschillende gebieden laten al-
lerlei maserkarakteristieken zien zonder dat een duidelijke onderliggende structuur zichtbaar
is. De maseremissie is bovendien gescheiden van, en fysische niet gerelateerd aan de HII/OH

molecuul jaar van publicatie

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

Tabel 1 − Moleculen die maser gedrag vertonen.
Referenties: 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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gebieden. Deze is daarentegen vooral verbonden met wegstromend moleculair gas en nieuw
gevormde sterren (Reid & Morgan, 1981). W49N is de sterkste galactische bron van wa-
terdampemissie met een totale helderheid van ongeveer 1 L� en individuele maserplekken
met een helderheid van maximaal 0.08 L� (Walker et al. 1982). Ook in stellaire omgevingen
wordt regelmatig H2O in combinatie met OH emissie aangetroffen, maar typisch in 15 tot 50
keer kleinere stellaire schillen. Een vergelijkbare aanblik van de ruimtelijke verdeling van
deze moleculen is ook waargenomen in de binnendelen van actieve stelsels, waar de H2O
emissie gelokaliseerd is binnen een paar parsecs van de kern en waar de OH emissie geloka-
liseerd is in een gebied met een grootte tot enkele honderden parsecs. Het mechanisme voor
het energetisch pompen van H2O in sterschillen is excitatie van de rotationele niveaus mid-
dels botsingen. Dit mechanisme relateert het stellaire massaverlies aan de helderheid van de
maser (Cooke & Elitzur 1985). Hetzelfde pompmechanisme speelt een rol in stervormings-
gebieden die een J-schok hebben ondergaan, maar vergeleken met gebieden die een C-schok
hebben ondergaan op lagere snelheden voor de OH 1720 MHz lijn.

Samenvatting

Extragalactische OH en H2O Megamasers op galactische schalen

Galactische masers zijn aanwijzingen voor stervorming en de ontdekking van extragalactisch
H2O en OH eind jaren zeventig maakte duidelijk dat die extragalactische emissie vergelijk-
baar is met die in onze Melkweg. Deze extragalactische maseremissie vertoonde een iets
grotere helderheid en werd geassocieerd met HII- of stervormingsgebieden buiten het bin-
nenste van de stelsels (bv. M 82, NGC 253, M 33). Vlak hierna werd een nieuw soort
extragalactische maseremissie gevonden richting de binnendelen van de stelsels met een iso-
trope helderheid van zes of meer ordes van grootte hoger dan die van galactische bronnen. De
helderheid en de uitzonderlijke lijnbreedte waren aanwijzingen dat deze emissie de omgeving
rond de kern traceert en zo iets kon zeggen over de eigenschappen van de kern van het stelsel
(H2O: Dos Santos & Lepine 1979; OH: Baan et al. 1982).
Het onderzoek beschreven in dit proefschrift is gebaseerd op objecten waarin OH straling
uitzendt en op een object waarin OH straling absorbeert. Dat laatste geval vertoont ook H2O
Megamaser emissie. Waar dit van toepassing is, worden derhalve ook de eigenschappen
van objecten waarin H2O straling uitzendt, meegenomen. Beide soorten Megamaser stelsels
kunnen in het algemeen alleen indirect vergeleken worden, omdat de OH en H2O masers niet
in dezelfde stelsels voorkomenen, met uitzondering van een waarneming van OH emissie
buiten de binnendelen van het H2O-Megamaser stelsel NGC 1068 (Gallimore et al. 1996).
Sinds de ontdekking van Megamaser sterrenstelsels is veel energie gestopt in het zoeken
naar stelsels die hydroxyl en waterdamp karakteristieken vertonen. Echter, een zoektocht
naar extragalactisch hydroxyl door verscheidene datasets van stelsels die geselecteerd
zijn op hun infraroodeigenschappen leverde slechts een paar procent resultaat op (Darling
& Giovanelli 2002a; Baan et al. 1992a; Staveley-Smith et al. 1992; Norris et al. 1989;
Garwood et al. 1987; Schmelz et al. 1986). Een dergelijk laag percentage is consistent met
de dichtheid in de ruimte van OH Megamaseremissie. Deze dichtheid wordt bepaald door
de helderheidsfunctie van OH Megamaserbronnen en de helderheidsfunctie van stelsels die
geselecteerd zijn op hun infraroodeigenschappen (zie hoofstuk 3). In hoofdstuk 2 worden
experimenten beschreven die uitgevoerd zijn met behulp van de “Westerbork Synthesis
Radio Telescope” om OH in emissie of absorptie waar te nemen. Hiertoe zijn verschillende
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groepen stelsels op verschillende roodverschuivingen waargenomen, die gekenmerkt worden
door sterke infraroodemissie. Zoals verwacht werd nergens hydroxyl in absorptie of emissie
aangetroffen. Naast deze experimenten zijn ook bekende OH stelsels opnieuw waargenomen
om niet gepubliceerde eigenschappen van maseremissie te bevestigen. Verrassend genoeg
lieten deze waarnemingen zien dat enkele OH stelsels geen OH vertoonden en dat in een
geval de OH niet in emissie, zoals de literatuur vermeldde, maar in absorptie te zien was.
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Figuur 2 − Karakteristieke spectra van twee verschillende Megamaser sterrenstelsels. Links: Een
spectrum van de emissie van de OH Megamaser in Mrk 273 zoals waargenomen met de WSRT interfe-
rometer. Rechts: Een spectrum van H2O maseremissie in NGC 4945 zoals waargenomen met de Parkes
radiotelescoop van CSIRO (Greenhill et al. 1997). De spreiding in snelheid is relatief ten opzichte van
de systematische snelheid van het stelsel, aangegeven met een verticale streep.

De karakteristieke spectroscopische signalen van beide soorten Megamaseremissie zijn
duidelijk verschillend, zoals te zien is in figuur 2. De extragalactische H2O spectra bestaat
uit emissie in een enkele overgang net als in de galactische bronnen (J = 616–523, 22 GHz).
Daartegenover zijn de extragalactische OH spectra opgebouwd uit twee primaire overgangen
van de hyperfijne niveaus in toestand 2Π3/2 met J = 3/2, die duidelijk te onderscheiden
zijn. Zo is bijvoorbeeld de extragalactische 1667 MHz primaire lijnemissie versterkt ten
opzichte van de 1665 MHz lijn en is deze bovendien niet gepolariseerd (Killeen et al.
1996), hetgeen verschilt van bronnen in de Melkweg. De OH spectra laten een continu
(glad) emissieprofiel zien met een breedte tot duizenden kilometers per seconde, waarbij de
primaire OH lijnen soms over elkaar heen vallen. De H2O Megamasers laten duidelijke,
smalle emissie karakteristieken zien, die verspreid zijn over een vergelijkbaar snelheids-
bereik. Een vergelijkbaar spectraal onderscheid wordt gevonden in de stellaire OH en
H2O maseremissie (Elitzur 1992b). De spectra van H2O Megamasers bestaan bovendien
voornamelijk uit smalle componenten (typische lijnbreedtes van 1.5 km s−1; M33), terwijl
de spectra van OH Megamasers opgebouwd zouden kunnen zijn uit (veel meer) brede
componenten (typische lijnbreedtes van 10 km s−1; M82). Daarbij komt dat de emissie
van sterke H2O Megamasers ook duidelijke lijnstructuren vertoont met een variabiliteit die
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korter is dan de dynamische tijdschaal. Van de OH Megamaseremissie zijn de specifieke
eigenschappen van de individuele maserwolken onderzocht in hoofdstuk 7. In dit hoofdstuk
wordt een model ontwikkeld om de geometrische verdeling van individuele wolken in de
omgeving rond de binnendelen van een sterrenstelsel te onderzoeken. Teneinde de gladde
spectra te reproduceren zoals die gezien worden in de richting van OH stelsels dienen de
wolken uitgebreid te worden met bredere snelheidsprofielen. De puntiger H2O spectra
kunnen worden gereproduceerd door minder turbulente maserwolken.

Er wordt gedacht dat de extragalactische Megamaserbronnen in het algemeen een duidelijke
eigen morfologie hebben. Waar H2O Megamasers vooral gerelateerd zijn aan vroeg tot laat-
type spiraalstelsels (Braatz et al. 1997), laten stelsel waarin OH straling uitzendt specifieke en
onregelmatige structuren zien en er is geopperd dat ze gerelateerd kunnen zijn aan een speci-
fiek moment tijdens het botsen van stelsels. De algemene aanname van een duidelijke eigen
morfologie wordt in het geval van stelsels met hydroxyl besproken en bestudeerd in hoofd-
stuk 3. Survey data met een resolutie van enkele boogseconden in het optisch kan de eigen
morfologie van de OH Megamaser sterrenstelsels niet bevestigen. In het bijzonder, waar bij-
na de helft van de OH Megamaserstelsels onregelmatige of meervoudige bronstructuren liet
zien, bleef de rest onopgeloste puntbronnen. Desalniettemin levert onderzoek op basis van
de helderheidsfunctie het eerste bewijs OH Megamaserstelsels waarschijnlijk geassocieerd
zijn met botsingen van sterrenstelsels en dat ze derhalve waarschijnlijk ook onregelmatig van
vorm zijn. Dit bewijs is gebaseerd op een vergelijking van de helderheidsfuncties in zowel het
infrarood als in de radio-emissiebanden van de op hun OH en infrarood eigenschappen ge-
selecteerde stelsels. Het systematisch afwijken van de karakteristieke helderheden geeft aan
dat OH Megamaserstelsels met een specifiek moment tijdens een botsing tussen sterrenstel-
sels corresponderen, waar (bij constante dichtheid in de ruimte van OH Megamaserstelsels)
massa wordt omgezet in sterren (zie hoofdstuk 3).

De totale hoeveelheid energie die uitgestraald wordt door beide types Megamaserstelsels
is afgebeeld in figuur 3, waarin een licht verschillende spectrale energieverdeling (SED) te
zien is voor golflengtes van radiogolven tot visueel licht. De SED van de stelsels waarin
OH straling uitzendt, laat de nauwste verdeling zien. Dit is een aanwijzing is voor een
tamelijk uniform stralingsmechanisme. Een vergelijking tussen de optische en de infrarode
emissie van OH en H2O bronnen laat zien dat de OH stelsels voornamelijk straling in het
infrarood uitzenden, terwijl de H2O stelsels ongeveer evenveel straling in het optisch als in
het infrarood uitzenden. De straling van OH Megamaserstelsels lijkt op een typisch ster-
vormingsgebied met thermische vrij-vrij straling in het radiogolflengtegebied en versterkte
stofstraling met een temperatuur van ongeveer 60 K in het infrarood. De infrarode helderheid
van deze bronnen is uitzonderlijk hoog, waardoor deze stelsels geklassificeerd onder de
zogeheten ultraheldere infraroodstelsels (zie hoofdstuk 3). Het feit dat H2O Megamaserstel-
sels ongeveer evenveel energie uitstralen in het optisch als in het infrarood en de grotere
spreiding in de datapunten, kunnen erop wijzen dat deze stelsels minder stof bevatten en
mogelijk een andere energiebron in het centrum van het stelsel. Dit kan ook worden afgeleid
uit de helderheidsfunctie op radiogolflengtes voor enkele OH stelsels (zie hoofdstuk 3). Bij
de grootste vermogens in het radio kan de helderheidsfunctie niet met een Schechterfunctie
verklaard worden, wat aangeeft dat er een meer dominante, niet-stellaire radiocomponent
afkomstig van een stroming uit de kern aanwezig is, die mogelijk de stoffige omgeving
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Figuur 3 − Spectrale energieverdeling van de geı̈ntegreerde OH (links) en H2O Megamaser data-
set. De emissie uit iedere golflengteband van elk stelsel is in één plaatje gezet om alle uitgestraalde
energie van de Megamaser stelsels te laten zien. Het frequentiebereik omvat zeven grootte-ordes be-
ginnend bij radio via het infrarood naar het zichtbare licht. De verticale lijnen geven de overgangen
aan tussen de verschillende gebieden. Merk op dat de H2O Megamasers op lagere roodverschuiving
worden waargenomen dan de OH stelsel. De H2O stelsels hebben daarom hogere fluxen over het gehele
frequentiebereik.

wegblaast. Dit scenario is in overeenstemming met eerder geklassificeerde stelsels in dit
helderheidsgebied, met nucleaire krachtbronnen van monsterachtige proporties (Condon &
Broderick 1988). Helaas is de bron van de energie maar in een paar Megamaserstelsels
optisch geklassificeerd. Deze zijn weergegeven in tabel 2. De algemene trend zoals afgeleid
uit de galactische SEDs en de verhoudingen tussen radio- en infraroodstraling is in overeen-
stemming met deze klassificaties. De meerderheid van de stelsels waarin hydroxyl straling
uitzendt, vertonen sterke stervormingskarakteristieken (SBN) en de waterdampmasers zijn
vooral gerelateerd aan Seyfert-2 type kernen (AGN).

Hoewel de aard van de OH Megamaseremissie tot op heden amper is bestudeerd, is het wel
duidelijk dat het extreme infrarode stralingsveld, zoals dat gezien wordt in de richting van der-
gelijke stelsels, de stralingspomp voor deze uitzonderlijke maseremissie vormt (zie voor de
principe van de stralingspomp figuur 1 en voor algemene informatie over Megamaser emissie
Baan 1989). Om te testen of de infraroodpomp de algemene eigenschappen van versterkte
1667 tot 1665 MHz primaire lijnstraling kan produceren, is in hoofdstuk 3 de steady-state-rate
vergelijking voor de eerste 36 grondtoestanden van het hydroxylmolecuul opgelost. In het
algemeen kan het voor extragalactische Megamaseremissie karakteristieke feit dat de 1667
Mhz lijn sterker is dan de 1665 Mhz lijn verklaard worden met de infraroodstraling van een
zwart lichaam met specifieke temperatuur, maar deze emissie correspondeert niet duidelijk
met de infrarode emissie van elk individueel stelsel en de gemeten lijnverhoudingen.

Dit resultaat is niet onverwacht aangezien geen rekening gehouden is met gezichtslijneffec-
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hydroxyl waterdamp
geklassificeerd / gepubliceerd 31/100 16/30

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

Tabel 2 − Activiteit in de kern van Megamaserstelsels. Een compilatie van de spectroscopische klas-
sificatie van de OH en H2O Megamasers op visuele golflengtes (Baan et al. 1998; Greenhill 2001;
Maloney 2002).

ten en systematische fouten. Deze zullen een cruciale rol spelen bij de interpretatie van de
aard van de maseremissie in deze bronnen. De systematische fouten kunnen ontstaan door de
waargenomen optische diepte van deze stelsels te vergelijken met de optische diepte zoals be-
rekend op basis van de infraroodemissie. Beide worden op een verschillende manier bepaald.
In hoofdstuk 3 worden de verschillende schattingen en de systematische fouten bij de bepa-
ling van de optische diepte besproken. Desalniettemin leveren de geschatte eigenschappen
van de lijnen enkele eerste aanwijzingen over de aard van de maseremissie zelf. Gecom-
bineerd met de resultaten van waarnemingen op hoge resolutie, die worden besproken in de
volgende paragraaf, leveren de eigenschappen van deze lijnen belangrijk bewijs dat de meeste
extragalactische OH Megamaseremissie afkomstig is van een onverzadigd maserproces.

De samenstelling van de kern van Megamaserstelsels

Het meeste van onze huidige kennis over de samenstelling en de driedimensionale structuur
van de binnenste delen van sterrenstelsels is afkomstig van spectroscopische waarnemingen
van de atomaire of moleculaire gasfase. Van actieve stelselkernen (AGN), die veelal de rest
van het stelsel volledig overstralen, wordt in het algemeen aangenomen dat ze hun energie
halen uit het vrijmaken van gravitatie-energie uit een compacte accretieschijf rondom een
massief zwart gat (sub-parsec schalen; Rees 1984). Verder is deze accretieschijf de basis
van een relativistische, bipolaire uitstroom van materie in twee symmetrische stromen die
megaparsecs groot kunnen worden. Om deze reusachtige kerncentrales op gang te houden,
is een constante toevoer van materie van buiten de accretieschijf nodig. Er wordt gedacht dat
deze voorraad materie geassocieerd is met een torus rond de kern of met een dikke schijf. De
resulterende non-isotrope verdeling van materie rond de binnenste delen is waarschijnlijk de
sleutel tot het unificeren van de verschillende waargenomen emissiekarakteristieken, binnen
het raamwerk van het AGN unificatieschema. De beste aanwijzing voor een zwart gat in
het heelal werd gegeven door de waarneming van de H2O Megamaserbron in NGC 4258
(Greenhill et al. 1995). Sinds deze waarneming is er allerlei onderzoek gestart en uitgevoerd
om dergelijke uitzonderlijke emissie te vinden en om de binnenste delen met het hoogst
mogelijke ruimtelijke oplossend vermogen te onderzoeken.

Tot dusver is echter slechts een klein deel van de OH Megamaserstelsels met interferometrie
met zeer lange basislijnen waargenomen (voor de OH bronnen zie tabel 3, voor de negen H2O
bronnen zie Maloney 2002). Deze waarnemingen van de binnenste delen laten een meer com-
plex beeld zien van het continuüm en de maseremissie in de extragalactische stelselkernen.
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Daarbij kon een duidelijke aanwijzing dat de krachtbron in de kern voornamelijk geleverd
werd door een accretieschijf niet worden aangetoond voor de meerderheid van de OH Mega-
maserstelsels. Omdat in deze stelsels duidelijk sprake is van verduisterend materiaal in het
gebied van de kern, is het nog steeds niet uitgesloten dat ze ofwel een heldere maar verduis-
terde, ofwel een intrinsiek minder heldere krachtbron die niet ingebed is in het verduisterend
materiaal, in de vorm van een accretieschijf hebben. Zelfs combinaties met een sterke ster-
vorming in de binnenste delen kan niet worden uitgesloten. Een manier om de krachtbron
op te sporen is door gebruik te maken van de maseremissie om duidelijkheid te verschaffen
over de kinematica van de kern op sub-parsec schaal. Het onderzoek dat hier gedaan is, heeft
betrekking op waarnemingen met hoge ruimtelijke resolutie teneinde informatie over de lijn-
en continuümstraling te vergaren in de binnenste delen van twee stelsels waarin OH straling
uitzendt (hoofdstuk 4 en 5) en een stelsel waarin OH straling absorbeert (hoofdstuk 6). Van
deze laatste bron is bekend dat H2O straling uitzendt.

Na de eerste waarnemingen van OH Megamaser bronnen werd duidelijk dat bij een der-
gelijk hoge resolutie de OH straling karkateristieken van individuele maserbronnen onthuld
(Diamond et al. 1989). Terwijl op parsec-schaal resoluties de H2O emissie onopgelost blijft,
is tot 50% van de hydroxyl maseremissie gedetecteerd in minder compacte gebieden met een
grootte tot enkele honderden parsecs (Lonsdale et al. 1998). In het algemeen worden de sterk-
ste emissielijnkarakteristieken gedomineerd door de 1667 MHz lijn, terwijl de 1665 MHz lijn
grotendeels wordt opgelost. De emissie zelf is vrij zwak geassocieerd met het continuüm, zo-
als verwacht mag worden op basis van het klassieke model voor OH Megamasers (Baan
1989). Dit doet de vraag rijzen of dit te maken heeft met de efficiëntie van de pomp binnen
de individuele emissiegebieden of dat dit, zoals besproken in hoofdstuk 3, een systematisch
effect van de waarnemingen is.

De twee OH Megamasers die hier onderzocht zijn, bezitten deze algemene eigenschap-
pen. Op grote schaal laat de bron Mrk 231 een tamelijk onregelmatige structuur en een sterke
niet-stellaire radio-emissie zien (hoofdstuk 4). De waarnemingen op hoge resolutie van de

bron afst [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

Tabel 3 − Recent waargenomen OH Megamaserstelsels met milli-boogseconde resolutie.
De afstand is bepaald door aan te nemen dat q0= 0.5 km s−1 and H0= 75 km s−1 Mpc−1.
Referenties: 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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enige Seyfert-1 kern in de dataset is het eerste voorbeeld van verduisterend materiaal op en-
kele tientallen parsecs van het centrum van de kern. Dit was reeds voorspeld door de theorie
(Krolik 1999). Daarnaast laten de waarnemingen van Mrk 231 uitgebreide OH emissie zien
met een grootte van zo’n honderd parsec. Deze emissie zit in de vorm van een halve cirkel
die de radiobron in de kern aan weerszijden omvat. De emissie laat een gladde omgeving van
de emissiebron zien met LTE OH primaire lijnverhoudingen. Dit suggereert optisch dunne
en onverzadigde maseremissie (Klöckner et al. 2003). Modellen wijzen op een geı̈nclineerde
schijf of torus van zo’n 200 parsec. Dit zou een voldoende grote kolomdichtheid opleveren
om de waargenomen verduistering en de maseremissie in de richting van een actieve kern te
kunnen verklaren.

De karakteristieke vorm van een OH Megamaserstelsel is te zien in Mrk 273. Dit stelsel
heeft een onregelmatige structuur en er zijn duidelijke aanwijzingen dat een botsing heeft
plaatsgevonden, onder andere door de aanwezigheid van meerdere kernen (hoofdstuk 5). De
kern waarin de OH is waargenomen, wordt op een volledig andere manier aangedreven en
de OH emissie laat een nieuw en extreem beeld zien in de structuur rondom de kern. Op
parsec-schaal resolutie volgt het continuüm een sterk stervormingsgebied van zo’n 500 bij
300 parsec groot. De waarneembare OH emissie daarentegen komt uit een klein deel van
dit gebied. Behalve de kinematica van de kern traceert de OH emissie ook de dynamica van
de dikke schijf of de torus van 108 parsec rond de kern. Deze schijf of torus staat vrijwel
loodrecht op de kinematische structuur op grotere schaal. Het duidelijke snelheidspatroon in
het centrum van deze structuur wijst op een centrale massa van 1.39 ×109 M� (Klöckner &
Baan 2002). Deze lijnwaarneming wijst samen met de radiocontinuümemissie op een com-
binatie van sterke stervorming samen met ofwel een zwaar verduisterde ofwel een zwakke
kernreactor in de binnenste delen.

Het stelsel NGC 3079 met OH in absorptie is een vrijwel edge-on spiraalstelsel met een
matige fluxovermaat in het infrarood ten opzichte van OH Megamaserstelsels. In dit stelsel
reiken spectaculaire straalstromen van materie verscheidene kiloparsecs van de kern vandaan
(Cecil et al. 2001, en de referenties daarin). Onderzoek aan de circumnucleaire omgeving van
NGC 3079 via H2O Megamaser emissie bracht een nogal raadselachtige nucleaire samenstel-
ling en hiërarchische structuur aan het licht. De maseremissie, zoals die werd waargenomen
in de H2O kernen, laat een tamelijk complexe verdeling van de individuele maserwolken zien.
Deze zijn zowel loodrecht als evenwijdig ten opzichte van de continuümemissie in de kern
verdeeld. Zo’n verdeling is een typische eigenschap van H2O Megamaserbronnen, waar de
maseractiviteit in de kern geassocieerd is met accretieschijven, terwijl de maseractiviteit bui-
ten de kern geassocieerd is met straalstromen. Beide vertonen energetisch pompen middels
botsingen bij temperaturen van meer dan 250 K (Maloney 2002; Kartje et al. 1999). Des-
alniettemin kunnen deze H2O maserwolken in combinatie met de continuümemissie niet de
precieze locatie van de kern aangeven, iets waarover in de literatuur uitgebreid gediscussi-
eerd wordt. De OH absorptie zoals bestudeerd in hoofdstuk 6 helpt om meer inzicht in deze
vraag te krijgen. Het ruimtelijk oplossend vermogen van de waarnemingen is onvoldoende
om de onderliggende structuur van de continuümemissie bloot te leggen, maar desalniettemin
vertoont de waargenomen lijnemissie twee gescheiden lijnstructuren, getraceerd door beide
primaire OH lijnen, die de kinematica van de kern zouden kunnen laten zien. De primaire OH
lijnverhoudingen van de individuele paren laat waarden zien die dichtbij de LTE verhouding
van 1,8 liggen, hetgeen is wat verwacht wordt voor OH in absorptie. Er is gespeculeerd dat
zich in deze kern twee tegen elkaar in draaiende schijven bevinden die een nogal ongewone



142 Dutch Summary

kinematische signatuur veroorzaken (Sawada-Satoh et al. 2000). De kinematica zoals die is
afgeleid uit de OH absorptie-eigenschappen geeft echter duidelijk aan dat de OH geassoci-
eerd is met rotatie van de binnenste delen een stroom uit deze delen. Ook dit helpt bij het
oplossen van het raadsel van de omgeving in de binnenste delen van NGC 3079 zoals die
wordt gezien op de verschillende boven beschreven manieren.

Conclusies en vooruitblik

Hydroxyl levert na HI en CO een van de beste moleculen om de ruimte mee te onderzoeken.
Hydroxyl geeft een uniek beeld van verschillende omgevingen die uiteenlopen van stellaire
schillen tot de nabijheid van een zwart gat in de kern van actieve stelsels. Daarbij levert OH
zeer belangrijke aanwijzingen die helpen bij het begrijpen van de fysieke eigenschappen van
de betreffende structuren, uiteenlopend in grootte van kleiner dan een parsec tot duizenden
parsecs.

We hebben laten zien dat het onderzochte extragalactische hydroxyl deze essentiële
informatie over de circumnucleaire omgeving en de kinematica levert in drie bepaalde
actieve stelsels die niet getraceerd worden door andere lijnovergangen (hoofdstuk 4, 5, & 6).
Daarbij bepaalt de infrarood temperatuur van de stelsels of het hydroxyl zich in absorptie of
in emissie vertoont. Dit sterke verband kan verklaard worden met behulp van het pompproces
van het OH molecuul en levert een belangrijk instrument om de warme en koude stoffase in
deze actieve stelsels mee te onderzoeken. Een conclusie van het werk in dit proefschrift is
dat de de meerderheid van de extragalactische OH emissie afkomstig is van een onverzadigd
maserproces, waarbij het maserproces een klein deel van de infrarood fotons in maserfotons
omzet (hoofdstuk 3 & 7).

Het grootste nadeel van de studie van extragalactisch OH is dat het aantal bekende stelsels
dat OH bevat beperkt is en dit aantal maar langzaam groter wordt. Behalve het hier
gepresenteerde onderzoek naar de primaire lijnemissie van het hydroxyl-molecuul, heeft
het onderzoek naar de secundaire lijen (Baan et al. 1989) en naar overgangen van en naar
hogere energieniveaus de potentie om dieper inzicht te geven in de moleculaire omgeving
van de binnenste delen van sterrenstelsels (voor een overzicht van masers en de verschillende
overgangen zie: Elitzur 1992a,b; Reid & Moran 1981). Tot nu toe is het onderzoek
naar extragalactisch hydroxyl gebaseerd geweest op een overmatige hoeveelheid infrarode
straling van de onderzochte stelsels. Deze methode is wellicht niet efficiënt genoeg om
extragalactisch OH te ontdekken. Wellicht vormen blinde surveys van een aantal graden aan
de hemel en een groot spectraal bereik om de verschillende overgangen van het hydroxyl-
molecuul te vinden een goed alternatief en moeten daarom in overweging genomen worden
voor toekomstig onderzoek.

Op dit moment is het gebruik van de OH Megamaser in de astronomie noodgedwongen be-
perkt tot het bestuderen van de kinematica van het omringende medium en geeft het nog
geen duidelijke informatie over andere fysische grootheden zoals bijvoorbeeld temperatuur
en magnetische veldsterkte. Daarom blijft het theoretisch modelleren van maseremissie in
een omgeving van stof met behulp van stralingstransport een van de uitdagingen voor de
toekomst. Essentieel voor dit soort onderzoek zijn verdere waarnemingen van Megamaser
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stelsels met resolutie op parsec- tot kiloparsecschaal. Fase-referentie†, succesvol toegepast
in dit proefschrift, vormt in de toekomst de beste strategie om zulke zwakke emissiestructu-
ren waar te nemen. Daarbij heeft voor toekomstig onderzoek een grotere gevoeligheid een
grotere prioriteit dan een groter ruimtelijk oplossend vermogen bij onderzoek naar de OH
emissie die nu nog gemist wordt in in de bronnen die al onderzocht zijn op parsec schaal (zie
tabel 3 voor het betreffende ruimtelijk oplossend vermogen). De structuur die deze emissie
traceert zou belangrijke informatie kunnen verschaffen over de de binnenste delen van deze
stelsels en zo een nieuw onderzoeksveld kunnen openen dat de kinematica van de omgeving
in de binnenste delen van een stelsel verbindt met de kinematica op galactische schalen.

†De methode van fase-referentie wordt gebruikt om waarnemingen van bronnen met zwakke emissie te calibre-
ren. Hiertoe wordt een bron met sterkere emissie (de fase-calibrator bron), die binnen enkele boogseconden van
de bron moet liggen, samen met de oorspronkelijke bron waargenomen binnen een cyclus van enkele minuten. De
calibratie die verkregen wordt via de fase-calibrator bron dient dan als calibratie van de oorspronkelijke bron.
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beitswut und das Verständnis, dass ich unsere gemeisamen Urlaube immer auf das kommende
Jahr verschoben oder auf ein Wochenende verkürzt habe. Aber vorallem für die beruhigen-
den Stunden ohne Astronomie und für die schönen Jahre die wir schon zusammen verbracht
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