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A B S T R A C T

This thesis contains three interconnected parts, spanning an engineering project, a
long term observational campaign and a novel analysis of archival data, all aimed at
the research of the central region of active galactic nuclei (AGN):

1. The development and scientific verification of a telescope control system and
data reduction pipeline for the optical 40 cm VYSOS 16 telescope of the Univer-
sitätssternwarte Bochum in Chile. After an analysis of various mechanical errors,
I develop a motion control system of the telescope axes, allowing for robotic ob-
servations of AGN.

2. New results on the size of the broad line region (BLR) of four AGN. The ob-
servations with the robotic telescopes VYSOS 6, BEST II and VYSOS 16 demon-
strate that photometric reverberation mapping is an efficient tool to substantially
tighten the RBLR ∝ Lα

AGN relationship with α ≈ 0.5. It opens the door to measure
BLR sizes RBLR and the host-subtracted luminosity LAGN for large samples of
AGN, without the need of costly spectroscopy in all nights where the respective
lightcurve is taken.

3. A new criterion to efficiently find water megamasers at 22 GHz. By compar-
ing Mid-IR observations with X-ray fluxes, both drawn from international data
archives, I can show that X-ray absorbed sources are more likely to be seen edge-
on and thus are more likely to present maser emission towards the observer.

By expanding our knowledge about the properties and systematics of the central re-
gion, these results contribute to the prospect of using AGN for distance measurements
of cosmological significance. Maser offer a direct geometric distance in type 2 AGN,
while the RBLR ∝ Lα

AGN relationship may be applicable to type 1 AGN. VYSOS16 has
now become a key telescope to perform large AGN monitoring campaigns.
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1
I N T R O D U C T I O N

This Chapter will give the reader a short introduction into the field and the latest
scientific progress. In this context, the backgrounds of the analysis in the Chapters 3

and 4 are explained. Throughout the whole thesis, distances from which we derived
the luminosities are taken from the NED database. The cosmology is based on Ho =
73 km s−1 Mpc−1, ΩΛ = 0.73, and Ωm = 0.27.

1.1 seyfert galaxies

An active galactic nucleus (AGN) can be described as a compact region in a galactic
center with a luminosity comparable or even superior to its entire host galaxy. It can
also feature very broad emission lines (> 1000 km/s), power-law-continua, variability
on many timescales (hint for compactness) and strong radio-emission (not explainable
by thermal radiation models).

From Carl Seyferts first investigations in 1943 until today, substantial progress in
the understanding of the different components of these objects has been made. Today,
the generally accepted picture1 (Fig. 1) of AGN now contains a supermassive black
hole (BH), an accretion disk, a jet of relativistic particles with its large-scale effects, an
X-ray source that is close to the central engine, a torus-shaped configuration of dust
that constrains the nuclear emission, and clouds of gas that form two popular regions:
Close to the nucleus, are the fast-moving broad line regions (BLR) with high densities,
while the narrow line regions (NLR) are more distant. The lower densities and low
velocities in the NLR allow the clouds to emit sharp forbidden lines.

Nevertheless, there remain a lot of unsolved and disputed questions when one
tries to conflate all these aspects into a single unified model, as for instance the matter
fueling process or the relation between the AGN and its galactic environment, e.g.
absorption effects observable in the mid-infrared (MIR) continuum.

1 Described in detail in (Alloin and Johnson, 2006).
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Black
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Figure 1: Basic model of the structure
surrounding the nuclear re-
gion, as sketched by Urry and
Padovani (1995). If the center
is looked at through the torus,
then the BLR clouds are hid-
den, resulting in a type 2-like
appearance of the source. See-
ing through the jet, we will
consider the source being a
Blazar. Otherwise it will ap-
pear as a type 1 AGN.
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1.2 the model of active galactic nuclei

The first concepts of AGN unification were introduced by Antonucci (1983) and An-
tonucci and Miller (1984, 1985), using spectropolarimetric observations of NGC1068

and NGC4151. By investigating polarized light, perpendicular to the radio emission
axis, Antonucci found very broad and highly polarized components of the Balmer
lines (up to ∼ 7500 km/s in Antonucci and Miller 1985). Therefore he draws the
fundamental conclusion that both Seyfert galaxy types are intrinsically identical and
the observations are orientation dependent, by introducing an absorbing thick disk,
in which the nuclear engine is embedded. The current model, mentioned afore, is still
based on this concept.

This chapter will introduce basic concepts of the physical AGN structure.As the
numerous observed objects are expected to present a widespread set of different in-
trinsic properties, further details will be explained in the discussion of the results
respectively.

1.2.1 Spectral Energy Distribution

In contrast to normal or starburst galaxies, AGN generate an extraordinarily hard ra-
diation field in their nuclear region. This radiation is mostly emitted by an accretion
disk structure, similar as described above. It produces an excess in the extreme UV
light, called blue bump, corresponding to the inner hot edge of the disk. But as a lot
of the emitted energy is measured in the hard X-ray bands, the aforementioned max-
imum temperature at the disk’s inner edges of Tmax = 105 K would not be sufficient.
This leads to the conclusion that the X-ray flux emerges from a different hot medium.
Since short-time variations of the high energy continuum appear, it can be assumed
that this hot region rests also close to the BH. There are several effects that help to ex-
plain this observation. For example, diluted coronal gas accompanying the cool disk
structure could generate very high temperatures in the range of 108 K. Depending on
the Compton-depth it is furthermore possible to elevate softer X-ray photons to higher
energies by scattering.

However, real accretion-disks are far more complicated and contain more un-
known phenomena. For example, the effects of magnetic fields in the inner region,
probably driving winds, is not clear yet.

The AGN signature in the MIR is mostly generated by reprocessed photons from
the hot inner region of the surrounding structure. Assuming a torus of molecular dust
(∼ 1 pc), as proposed by the Unified Model by Antonucci and Miller (1984); Keel
(1983), Pier and Krolik (1992) calculate an emission bump between ∼ 2 and 15 µm.
This feature is not seen in regular starburst (SB) dominated galaxies, and due to the
weak absorption in this wavelength regime the continuum could be used to find AGN.
Hence, one may apply a selection based on the flux ratio between the continua at
25µm and 60µm (IRAS F25µm/F60µm), as performed by de Grijp et al. (1992).
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1.2.2 Line Emission and Absorption

Broad Line Regions

For the presumably unabsorbed Sy1 AGN spectra, kinematically broadened Balmer
lines appear with velocity dispersions > 1000 km/s. These velocities require the emis-
sion regions to be close to the center of mass, regarding Keplerian movement. But
due to this close distance, a free plasma would be pushed outwards as the radiation
pressure fully impacts on each ion. Therefore, the emission regions are considered (i.e.
in Alloin and Johnson 2006) to be embedded in high-density (∼ 1010 cm−3) clouds,
presenting column-densities of ∼ 1023 cm−2 with global covering factors of order 0.1,
so that gravity dominates in them. The confinement of such clouds is not well under-
stood, however, magnetic confinement may play a key role in this. The high density
allows only the cloud’s surface to be highly ionized. Furthermore, metastable states
are de-excited most probably by collisions and the strongest predicted emission line
becomes, among others, Lyα (Alloin and Johnson 2006).

Narrow Line Regions

In a far more extended volume around the nucleus (several kpc for luminous AGN)
slower structures (several 100 kms−1) of ionized gas are, due to their presumably lower
densities, able to produce strong forbidden emission lines. This optically thin gas is
also ionized by the powerful extreme ultra-violet (EUV) and X-ray photons from the
central region. For particular elements one finds significant populations of particles
with high ionization numbers (e.g. [O IV] with an excitation potential (ep) of 54.93 eV
and [Ne V], ep: 97.12 eV).

The forbidden emission lines, investigated in this thesis, are emitted by low density
high temperature ionized gas. In this plasma, collisional transitions are negligible for
most of the involved elements except hydrogen and helium; Netzer (1990).

1.3 developing a telescope control system

Until March 2012 the Universitätssternwarte der Ruhr-Universität Bochum (USB) was
performing the NB photometric RM only with the VYSOS 6 telescope. Because of the
huge demand for observing time on this instrument, it was highly desirable to have
another automatic telescope with better light-collecting power for our faint AGN.

In principle, this instrument, VYSOS 16 with a 40 cm diameter main mirror, was
constructed already in Summer 2008. However, due to the bad condition of the main
mirror and the control software, VYSOS 16 couldn’t be used for meaningful obser-
vations of variable objects. In Chapter 2, the solutions to these problems and their
progress is documented. Finally, we are now able to perform autonomous robotic ob-
servations of faint AGN. The first results are presented in Chapters 2 and 3.

1.4 reverberation mapping

Reverberation Mapping (Blandford and McKee 1982) has revolutionized our under-
standing of AGN during the past decades. Generally, spectroscopic monitoring is used
to measure the delay τ of the broad emission line’s reaction to nuclear blue continuum
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variations. Using the light travel time allows to calculate the distance of these regions
as RBLR = τ · c.

The spectroscopy provides us also with a velocity dispersion σv of the emitting
gas. Adopting Keplerian motion, one may estimate the enclosed mass, dominated by
the supermassive black hole (Peterson et al. 2004 and references therein).

From theoretical considerations (Netzer 1990), the relationship RBLR ∝ Lα
AGN, be-

tween BLR size and nuclear luminosity should have α = 0.5. This has been inves-
tigated intensively (Bentz et al. 2006, 2009a; Kaspi et al. 2000, 2005; Koratkar and
Gaskell 1991), with the latest result being 0.519+0.063

−0.066. Our goal is to further tighten
this exponent, using a new photometric monitoring method, not requiring expensive
spectroscopy on large aperture telescopes.

Because reverberation spectra usually require observations with at least a 2 m-class
telescope, we present a first test of successful reverberation mapping using a 15 cm
refractor (VYSOS 6) combined with a 40 cm mirror (VYSOS 16). We use a combination
of B, V and a set of narrow band filters ([O III], [S II], 670 nm and 680 nm; details in
Sect. 3.1). The broad filters are used to measure the triggering continuum variation,
while the narrow filters are covering the Hβ or Hα line response. Our sources have
been selected dependent on their redshift in the way that one of their broad Balmer
lines falls at least partially onto one of our narrow band filters.

To explore the capability and achievable accuracy of photometric reverberation
mapping, we selected several local AGNs, the relatively clear-cut case PG0003+199

(Mrk 335) at redshift z = 0.0258 and the more challenging cases Ark 120 at z = 0.0327,
and 3C120 at z = 0.0330 and the faint ESO 374-G25 at z = 0.0237. Spectroscopic
reverberation results are available for the first three sources in Peterson et al. (1998a,
2004), Bentz et al. (2009b) and Grier et al. (2012a).

Our photometric investigation is accompanied by spectroscopic support observa-
tions. A first set of single epoch spectra was taken with the 2.2 m Calar Alto Faint
Object Spectrograph (CAFOS). For ESO 374-G25 we collaborated in a study by Wol-
fram Kollatschny and Matthias Zetzl, Georg-August-Universität Göttingen, who took
10 spectra with the large 9.2 m South Africa Large Telescope (SALT), using the Robert
Stobie Spectrograph (RSS).

To obtain the lag times, we apply a Discrete Correlation Function (DCF, Edelson
and Krolik 1988) analysis to the lightcurves of the continuum, measured with the
Johnson B band, and the broad Balmer line of interest, measured with a narrow band
(NB) filter. The details of this principle are noted in Sect. A.5.1.

Our task will be to separate the pure AGN luminosity in our filters from the
constant background of the host galaxy. Commonly, this is performed by applying
complex galaxy model subtractions to high resolution images (e.g. HST images, see
Bentz et al. (2009a)). As this is not possible with our equipment, we chose an alter-
native, the Flux Variation Gradient (FVG) method (Choloniewski 1981; Winkler et al.
1992), explained in detail in Sect. A.5.2.

Parts of the results that we present in Sect. 3.1 have already been published.
The analysis of PG0003+199 and Ark120 is performed in Haas, Chini, Ramolla, Pozo
Nuñez, Westhues, Watermann, Hoffmeister, and Murphy (2011). 3C120 has been stud-
ied in Pozo Nuñez, Ramolla, Westhues, Bruckmann, Haas, Chini, Steenbrugge, and
Murphy (2012).
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1.5 water megamaser

While RM is an adequate tool for type 1 AGN, it can not be applied to type 2 AGN as
their continuum and BLR emission is obscured by the dust torus that is seen edge-on.
It is now straightforward to divert to frequencies that are able to penetrate this dust.
Water megamaser emission, tracing the accretion disk, provides us with a solution
here.

H2O megamaser galaxies represent an extreme subclass of active galactic nuclei
(AGN) with strong water maser emission at 22 GHz (reviews by Lo 2005 and Henkel
et al. 2005). In those cases where the emission arises from a molecular disk and can be
resolved spatially using very long baseline interferometry, the central BH mass, and
the distance to the galaxy can be determined (e.g. for NGC 4258, Greenhill et al. 1993,
Herrnstein et al. 1999). Thus, finding megamasers (henceforth simply called masers) and
understanding their properties is of great interest.

Owing to theoretical considerations, a large line-of-sight column density of ve-
locity coherent gas favors the detection of a maser. High velocity coherence of the
maser emitting gas is required, because energy and momentum conservation imply
that the induced photon has the same frequency and direction as the stimulating pho-
ton (e.g. Elitzur 2002). While the emission of an individual maser spot is directional
(i.e. beamed), a collection of these spots statistically may be expected to radiate in all
directions, but this has not yet been confirmed. The originally discovered water maser
emission from AGN comes from (presumably edge-on) disks, and the resolved emis-
sion in most sources traces accretion disks and, in a few cases, star formation masers.
However, two sources, Circinus and NGC3079 exhibit additional off-disk jet masers
that seem to trace outflows. These outflow masers are potentially torus clouds, ejected
perpendicular to the disk plane (Nenkova et al. 2008).

In the AGN unified model, an optically thick obscuring dust torus is envisioned
to encircle the accretion disk and type-1 AGN are seen pole-on while type-2 AGN
are seen edge-on (Antonucci 1993). Masers are almost exclusively found in AGN of
Seyfert-2 or LINER type, consistent with the picture that masers are preferentially
beamed in the plane of the torus (Braatz et al. 1997, 2004, Henkel et al. 2005). But not
all type-2 AGN are masers.

The 22 GHz radio-frequency maser emission itself is believed to be largely unaf-
fected by absorption; but high X-ray, optical, or mid-infrared obscuration may indicate
that there is a high likelihood that the masing disk is seen edge-on, hence favoring a
maser detection.

Type-2 AGN that host masers show a prevalence (> 80%) of high X-ray obscur-
ing columns (NH > 1023cm−2) and about half are Compton thick (NH > 1024cm−2)
(Braatz et al. 1997, Zhang et al. 2006, Greenhill et al. 2008). However, as pointed out by
Zhang et al. (2006), among type-2 AGN the average X-ray derived column densities
of masers and non-masers2 are indistinguishable. One explanation of this unexpected
result could be that X-ray scattering in clumpy media dilutes the true line-of-sight
column density, and thus prevents us from deriving unbiased orientation informa-
tion. Therefore, it is vital to include information from other frequencies than X-rays
to reveal the potential influence of nuclear obscuration on the maser detection and
non-detection, respectively.

2 We denote as non-masers those AGN that have been observed at 22 GHz, but for which no megamaser
was detected.
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Zhang et al. (2010) analyzed the Kα iron-line equivalent width EW(Kα), following
the strategy of Bassani et al. (1999), and compared it with two optical thickness param-
eters, the infrared 6-400 µm luminosity LIR derived from IRAS 12-100 µm photometry
and the [O III] 5007Å emission-line luminosity L[O III]. Both parameters were adopted
as isotropic tracers of the intrinsic AGN strength. While the EW(Kα) distributions of
19 masers and 34 non-masers cover the same broad range (100 - 3000 eV), the median
EW(Kα) of masers is about a factor of four higher than that of the non-masers, indicat-
ing that the X-ray continuum of masers is absorbed stronger than that of non-masers.

However, it remains a matter of debate whether LIR and L[O III] are indeed isotropic
tracers of the intrinsic AGN luminosity. While [O III] has often been used as an
isotropic AGN tracer (Alonso-Herrero et al. 1997; Bassani et al. 1999; Heckman et al.
2005; Lamastra et al. 2009; Mulchaey et al. 1994; Panessa et al. 2006), the discovery
of polarized [O III] emission in some type-2 AGN (di Serego Alighieri et al. 1997) im-
plies that a substantial fraction of the [O III] emission might be shielded by the torus.
Further studies, using MIR emission lines such as [O IV] or [Ne V] as orientation in-
dependent tracers of the AGN power, provide evidence in terms of the [O III]/[O IV]
ratio, that [O III] suffers orientation-dependent extinction, up to a factor of ten in indi-
vidual cases (Haas et al. 2005, Meléndez et al. 2008a, Baum et al. 2010).

This is qualitatively consistent with results obtained using the (extinction-corrected)
2-10 keV X-ray luminosity LX as an intrinsic measure of AGN power; Netzer et al.
(2006) find that L[O III] / LX of type-2 AGN is, on average, about a factor of two lower
than that of type-1 AGN. Even in the face-on Sy1 case, the back-sided cone of the NLR
lies – at least partly – behind an absorbing layer (e.g. the dust torus). Therefore, it is
highly questionable how far [O III] can serve as an isotropic AGN tracer. The extinc-
tion correction via Balmer decrement (Hα / Hβ = 3) remains highly uncertain, since it
is dependent on the geometry of the emitting and obscuring regions.

Hes et al. (1996) and Baker (1997) caution against the use of [O III] as a measure
of the intrinsic NLR emission and suggest using [OII] 3727 instead. Observations of
radio-loud AGN, where the orientation can be inferred from radio morphology, show
that [O II] is largely orientation independent (Baker 1997; Hes et al. 1996). On the other
hand, because of its low ionization potential, [O II] may also be dominated by star
formation in the host (e.g. Ho 2005). Then, the decline in L[O II] / LX with increasing
LX, also found by Netzer et al. (2006), could be naturally explained by a decline in
host / AGN with increasing AGN LX.

Likewise the mid-infrared (λ < 40µm) part of LIR is orientation dependent (e.g.
Fig. 16 in Buchanan et al. 2006), while the far-infrared (λ > 40µm) emission of
Seyfert galaxies and low-luminosity quasars is dominated by star-forming contribu-
tions rather than the AGN itself (e.g. Maiolino and Rieke 1995, Schweitzer et al. 2006).
Thus, a careful re-investigation using more suitable isotropic AGN tracers would be
desirable.

In this thesis, I investigate the nuclear obscuration by reviewing the ratio of the
almost unobscured [OIV]25.89µm to the potentially obscured hard X-rays in a well deter-
mined sample of 163 sources total, containing masers and non-masers. This will reveal
if highly X-Ray obscured sources have a higher probability for a maser detection. This
study has already been published in Ramolla, Haas, Bennert, and Chini (2011).



2
V Y S O S 1 6 T E L E S C O P E C O N T R O L

In Summer 2008, the 40 cm reflector telescope VYSOS 16 was installed at the Univer-
sitätssternwarte der Ruhr-Universität Bochum in order to monitor AGN and young
stellar objects. Figure 2 shows a photograph of VYSOS 16. Unfortunately, the imag-
ing quality was too poor to perform reliable photometry, especially for faint objects
or crowded fields. This is illustrated by Fig. 3, left. In this image, the old PSF from
the year 2008 shows a highly complex shape with inner and outer elliptical elements.
Further focusing may flip the inner structure outwards and the former outer ellipse be-
comes the more focused center in turn. This optical defect is now well controlled since
we replaced the main mirror with one provided by Bo Reipurth, IfA Hawaii. The re-
placement was taken from the northern twin VYSOS 16-north, the axes of which were
broken during an earthquake.

The current optical system delivers a very circular and narrow PSF with about 3.′′2
FWHM. There is a minuscule amount of ellipticity, but as can be seen in Fig. 3, right,
this can be well controlled with empirical PSF models. This particular shape of the PSF
is a result of the image not being perfectly focused. The major axis is oriented diagonal
towards the upper right corner. By traversing the point of perfect focus – defocusing
into the other direction – the major axis will be flipped by 90◦. This is typically caused
by astigmatism, which may be a result of a tilted or imprecisely produced optical
element (one of the three mirrors, or the coma corrector lens). By varying the different
align- and adjustments of the optical elements, this error could not be compensated
for. Apparently, this is another quality problem in the optical elements, but now only
playing a minor role.

Even worse than the original optical defects, the tracking and pointing model of
the system raised serious constraints for the observation of targets in the center of
the CCD frame and especially for faint targets requiring long exposure times. This is
shown by the examples in Fig. 4, where we show 6 image sections of 1800 second long

Figure 2: VYSOS 16 taking flatfield images in Summer 2012.

7
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20122008

Figure 3: The intensity profiles of a point source as seen by the VYSOS 16 CCD, using the
old optics (left) and the new system (right). Each pixel has a size of 0.′′79 × 0.′′79.
Both exposures are 5 second short and practically free of tracking errors. The color
gradient scaling is linear from the count maximum down to the maximum value of
the background noise as lower limit. The shape of the star in 2008 has an ellipsoidal
strong center and a distorted ellipsoidal outer ring structure. In 2012, using a new
main mirror, we were able to produce almost circular PSF.

Figure 4: Six different 1800 second long exposures with VYSOS 16 taken in 2012. They have
been made with the newly configured optics but the old tracking system. Stars are
traveling on trails that consist of circular and transversal motions across the image
frame. Each having a size in the order of arcminutes.
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exposures taken at different combinations of declination and hour angle respectively.
The motions the stars follow can be generalized by a periodic component along both
axes, resulting in a circular or ellipsoidal trail and an almost linear component (lin-
ear over the timescale observed here). The latter is caused by an erroneous pointing
model, that does not compensate correctly for the positioning errors of the mount.
Principal causes for these errors are the angular misalignment of the right ascension
(α) axis relative to the earth rotation axis and the bending of mechanical elements of
the mount (e.g. fork and tube), which will affect the orientation of the optics. The
newly implemented model will be addressed in detail later in Sect. 2.2. The periodic
error however could be caused by different reasons. For example one could expect the
friction contact pinion of the positional encoders on the α axis to have a non-circular
shape, causing periodic errors solely along the α axis. This is apparently not the major
problem for our case, because as seen later in Sect. 2.1, Fig. 5, the movement is also
along the declination (δ) axis with about the same offsets. This leads us to conclude
that this effect must be caused by a problem in the bearing of the axis instead. In Sect.
2.1, we present the solution to resolve this issue by recording a model of this offsets
in advance and applying this to the tracking loop of the telescope software.

In the following Chapter, I will briefly explain the improvements by the new tele-
scope control software. The concept of the hard- and software design is presented in
Sections A.1 and A.2 in the Appendix. Full details are documented in the VYSOS 16
user handbook (Ramolla 2011).

An automatic script routine has been developed. It is capable to handle a given
list of targets to be observed together with their calibration images, always consider-
ing environmental conditions of the observatory. Additionally, I have developed an
automatic reduction pipeline for this data which will be explained below.

2.1 periodic error correction

In Figure 4, we have presented the problem that stars could not be tracked over long
timescales and the long exposure images were delivering irregular startrails. There
is a slowly, on timescales of several hours almost linearly drifting component, which
is caused by the pointing model error. This is addressed later in Sect. 2.2. The other
component, a periodic error on timescales of about 30 minutes, is already causing
elongated stellar shapes on exposures of 30 seconds, but can be eliminated using the
method presented in this Section.

The correction will be performed software-side. For this, we trace the positions
of a star while tracking it over the complete visible time on the sky (for ∼ 7 hours).
Therefore we select a source close to 0◦ declination, because the offsets in the α direc-
tion are maximized there. Observations are starting as the object is 35◦ elevated in the
east. The star is approximately centered in the CCD detector and every 10 seconds we
take a new image, calculate the star’s PSF and record the shift in α and δ of the center
relative to the very first position. The results of this analysis are shown in Figure 5.
Here we plotted the shifts of the star along the respective axis during tracking. The
x-axis is the target hour angle (h) position on the sky. . On the y-axis, the α and δ

offsets of the target positions are drawn in arcseconds. A low frequency drift, stretch-
ing across the complete dataset, has been removed because it is just the residual error
of the pointing model and not of interest here. The remaining periodic errors have a
mostly well reproducible shape, except for some isolated bumps (e.g. at h ≈ 19◦ in
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Figure 5: Periodically changing offsets of a stellar positions in α (black) and δ (red), while
tracking a field during its period of visibility at δ ≈ 0◦. The low frequency devia-
tion of the pointing model has been subtracted, hence the curves are not starting in
the origin of the ordinates anymore. For illustration purposes this is irrelevant. The
amplitude of 40” in the world coordinate system corresponds to 50 pixels on the
detector. There are very fast changes in the positions of both axes, which are marked
by arrows colored with respect to the axis in which they occur.

Fig. 5, marked by the red arrow). The appearance of these features is not predictable
and they can happen on both axes independently. If an image is taken during such an
event, bright stars are seen to be moving almost instantly very fast about several arc-
seconds, swinging into some final position. This must be caused by either mechanical
instabilities or sand-grains in the bearing of the axes and it is too fast to be corrected
for. The only solution is to discard and repeat images that suffer such an rare event.
From the recorded offsets in Fig. 5 we obtained a model by removing the fast vary-
ing bumps and smoothing the curve with a 15 datapoints wide boxcar. The resulting
smooth map of offsets is then directly supplied to the telescope server software.

Using these maps, generated tracking positions will now be corrected in-place
for these offsets. If a precise pointing model is derived, based on these corrections,
the tracking of VYSOS 16 can stay withing only one arcsecond over a period of 10
minutes.
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2.2 pointing model

The pointing model equation for an equatorial mount is described in equations 1

and 2. IH and ID are the encoder index offsets. NP accounts for the misalignment
between of δ and hour angle h. CH is the term for the misalignment between of the
polar axis and declination axis (collimation error in east-west direction). ME is the
coefficient for vertical misalignment of the polar axis. MA represents the azimuthal
misalignment of the polar axis. TF represents the tube flexure and FO the fork flexure.
A1 and A2 are additional terms, chosen to leverage slowly varying errors across the
sky, however their physical origin is not clear and their impact on the pointing is only
minor compared to the other coefficients.

∆h = IH + NP · tan(δ) + ME · sin(h) tan(δ) + CH · sec(δ)
−MA · cos(h) tan(δ) + TF · cos(φ) sin(h) sec(δ)
+ A1 · sin(h) cos(δ)

(1)

∆δ = ID + ME · cos(h) + MA · sin(h)
+ TF · (cos(φ) cos(h) sin(δ)− sin(φ) cos(δ))
+ FO · cos(h) + A2 · tan(δ)

(2)

Until a reliable pointing model had been computed, a very basic model of 2 star
pointing was used by the mount. This model just interpolates linearly the coordinates
between the two reference star positions. To compute the topocentric equatorial coor-
dinates from the J2000 ones, the astronomy routines of the xephem1 software package
are used.

Measurements of pointing positions can either be taken within an approximately
equidistant grid, or through pure random positions. The latter routine is currently im-
plemented in the observation control software and can be called inside the observation
scripts.

If a set of pointing observations is taken, the astrometry of these images is matched
to the UCAC-3 catalog2. This will result in offsets of α and δ to which we fit the above
mentioned model. If only a single pointing observation is requested by the observer,
the telescope will move to a field of high elevation and the obtained offsets to the
catalog are directly applied to the pointing model offsets ID and IH in the current
pointing model.

Figure 6 shows the targeted horizontal coordinates with calculated offsets and
the pointing model correction for 97 points in an equally spaced grid with ∼ 10◦

node distance. Note that the currently used model consists of a fit to 400 randomly
chosen coordinates. However, this figure was selected as it demonstrates the nature
of the offsets more clearly. Figure 7 shows the remaining residuals, when subtracting
the model from the offsets. One can immediately see the drawbacks of selecting an
ordered grid as base for the model fit, because systematic drifts are visible, which
propagate with increasing number of the images taken. This particular dataset was
taken in 2011 and the mechanics of the friction wheels of the axes were contaminated
with small dust grains. These grains are able to let the positioning slip away from

1 http://www.clearskyinstitute.com/xephem/
2 http://ad.usno.navy.mil/ucac/readme_u3.html
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time to time. The additional offsets, introduced by the slipping were simply adding up
with the image numbers and as the order of the images was going in serpentines from
north to south, the model will erroneously consider these systematics too, causing the
patterns seen in Fig. 7. Instead, a random position selection will distribute these errors
across the whole sky. Additionally, cleaning the axis mechanics in 2012 reduced the
axis slipping to immeasurable small scales.

Figure 6: Overview of a complete set of pointing observations. Orange vectors are measured
offsets from the reference coordinates (crosses) and red vectors are the corrections of
the pointing model to it. These are ten times enlarged in this depiction. The observa-
tions were distributed over two nights, covering the sky with a serpentine slope each
night. The gaps are caused by problematic images, where no reliable astrometric so-
lution could be computed. Due to the strong axis slipping effects, some lines have
systematically larger errors than others, visible by the numbering that is performed
analogous to Fig. 7.
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Figure 7: Accuracy of the pointing model: The residuals between model and astrometric offset
of the images. Points are numbered corresponding to the logfiles image numbers if
they lie outside the 150 arcseconds boundary. The errors in this figure are far larger
than the common periodic errors in α and δ of ∼ 30 arcseconds. Large systematic
offsets accumulate over time, while changing the mounts orientation. Obviously, the
affected axis gears are slipping and loosing counts. Thus, the pointing model will be
shifted. It is also not clear how far backlash plays a role at re-positioning the axes.
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2.3 dithering

The flatfield- and dark corrected image may contain cosmic rays, hot pixels, flatfield-
errors and damaged columns or rows. These problems have to be accounted for before
a reliable photometry is possible. Dithering around the selected target position poses
a useful solution to this.

VYSOS 16 has a fixed dithering algorithm implemented in its software. The pur-
pose is to maximize resolution enhancement potential in oversampling and to reliably
eliminate detector errors and cosmic ray hits. The dithering will be executed along a
predefined 9 point square pattern (see Fig. 8). Each point has a distance of 26.88 pixels
to its next neighbors. This size is chosen to work around small scale detector errors
and cosmic ray events, but also to avoid introducing large image loss at the borders
or mixing different stray-light gradients in the field of view. The pattern is explicitly
not aligned parallel with the axes of the CCD. This is to avoid problematic columns or
rows in the image that would otherwise be stacking. The optimal angle of the rotation
has been found to be ≈ 18.42◦, which causes the projection of the pattern along the α

or δ axis to have equidistant sampling with ≈ 8.5 pixel distance, thus ruling out all col-
umn and row errors being smaller than this. The pixel distance is also chosen in the
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Figure 8: The offsets of the dither positions in the CCD detector coordinates (aligned to α and
δ). The sequence is chosen to provide evenly distributed spatial coverage for lower
numbers of total frames, like 3 or 5.

way that all collected images are taken with relative shifts of about 1/2 pixel in α and
δ direction, to improve the resolution in the re-sampling process, because later in the
reduction pipeline, the different images of an observation block will be astrometrically
matched to a reference grid. Hence, the dithering shifts will be removed completely
before the images are stacked on a common grid. Figure 9 illustrates the pixel overlay
on such a frame, free of the dithering shifts.The shifts have been optimized to provide
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Figure 9: Spatial coverage of the sub-pixel shifts in the 26.88 pixel pattern in a common grid.
The shifts have been truncated about the full-pixel shifts, so that only the relative sub-
pixel shifts remain. In this manner, we have collapsed a 9 frame dither set. For every
frame, we took a central pixel, touching the origin of ordinates and plotted its shape
in a particular color. The magenta dots mark the centers of pixels. The coverage now
is always in multiples of 1/2 of the original pixel size.

half pixel offsets. Due to the astrometric matching of at least hundreds of sources in
each image frame it is possible to exactly reconstruct the sub-pixel shifts.

The target grid for the re-sampling should have a higher resolution than the source
images. In the case of half pixel shifts in the dithering, the resolution is doubled. The
true resolving power of the images will be highly dependent on environmental ob-
serving parameters, like seeing or a good tracking during the exposure. The resolution
gain will be the higher, the more the PSF on the source frames is under-sampled.

2.4 observations

Observations of VYSOS 16 are currently performed with predefined scripts that con-
sist of a simple sequence of commands. A detailed list of usable script commands can
be found in Sect. A.3, together with a small observation plan example in Sect. A.4,
both in the Appendix.

The telescope control software is designed in the manner to detect critical situa-
tions and act accordingly. In the Appendix, Fig. 55, we present a flowchart describing
the internal processes of the routine in detail.

Before moving to a source, environmental status is checked (currently controlled
manually by the observer). If the weather conditions are poor, the observations will
be halted and the telescope will move into the parking position and seal the optics. If
conditions are good again, observations will continue, adapting for the time passed
while waiting for good conditions. Checking the elevation of the target may have
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the result that the target source will be below the lower limit for observations of 40◦

(before or after an potential exposure). If the source is below the limit, but it is about
to rise, the script will wait for acceptable elevation. If the observation of this particular
source is not possible anymore, it is skipped and the next task will be checked. Targets
may also be skipped automatically, when the moon is too close (withing 10◦), as this
would allow too much stray light into the optical system, resulting in poor photometry.

This adaptive behavior is also utilized when taking sky flatfield images. At the be-
ginning of dusk, the telescope will move 20◦ pointed away from zenith in the east (at
dawn it is 20◦ in the west). After stabilizing the detector with several dummy readouts,
the exposure time will be adapted so that the selected filter produces an image with
a median of about 40 000 counts. If a good first exposuretime is found, the control
software assumes a known decrease profile of sky brightness to calculate the expo-
suretime for the next frame, instead of further experimenting with different exposure
times. As a result, there are almost no flatfield images that have to be discarded be-
cause of too low or too high counts and we are able to take at least 10 flatfields per
night in each filter during dusk and dawn. At dawn, the routine naturally assumes an
inverted profile for increasing brightness of the sky. The stability of the flatfield script
allows to detect cloudy weather conditions, when the median counts are deviating too
much from the known profiles.

We also designed a routine that is able to predict the telescope’s behavior, con-
sidering the observability of the sources on the sky and instrumental overheads (e.g.
filter changes and focusing). This routine allows the observer then to optimize his ob-
servation plans, or to detect problems, such as critical proximity of the moon. Fig. 56,
in the Appendix, depicts the simulated observation properties of a typical night.

2.5 reduction pipeline

The data is automatically transferred to servers in Bochum each night. Then, an auto-
matic pipeline will inventorize them and start the reduction process for the observa-
tions, as illustrated in Fig. 57, in the Appendix. First, calibration images will be gath-
ered from before and after the observed night of interest. If no data is existing, the
calibration images from the night before will be used instead. The raw science frames
are bias (20 frames/night), dark (20 frames/night) and flatfield (10 frames/night/fil-
ter) corrected in a standard manner using IRAF scripts. Then, SourceEXtractor3 is used
to extract a catalog of positions of sources, in order to match them with an UCAC-3
astrometry reference catalog4. This is performed using Scamp5, which also determines
image projection and distortion parameters. If these cannot be determined satisfactory,
median values are used instead. These median values have been determined from an-
alyzing a set of astrometric results with high confidence. In Fig. 58, in the Appendix,
we show the median results for the 670 nm filter for 10699 high quality field matchings
of the pipeline.

Provided the image offsets and distortion correction, we can now apply Swarp6.
Using this tool, the images are then re-sampled to a new grid with a pixel size of
0.′′39× 0.′′39 that is perfectly aligned to the ordinates of the world coordinate system.

3 http://www.astromatic.net/software/sextractor
4 http://ad.usno.navy.mil/ucac/readme_u3.html
5 http://www.astromatic.net/software/scamp
6 http://www.astromatic.net/software/swarp
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Using the IRAF task “imcombine”, the image-sets are then combined with min/max
rejection, to eliminate dead pixels, or cosmic ray events. Compared to pure median
combination, this average yields a better signal-to-noise ratio. In Fig. 10 we demon-
strate the imaging quality that we can achieve now with VYSOS 16 on ESO 374-G25.
Its resolution is comparable to a Digitized Sky Survey (DSS) image of the Palomar
Schmidt telescope with an 1.26 m effective aperture.

2.6 science verification

Currently, a dozen AGN and 42 variable young stars are being monitored using
VYSOS 16. The first results of these projects are already very promising. For exam-
ple, Fig. 11 shows lightcurves in broad and narrow bands of the faint Sy1 galaxy
RX J1741.4+0348 (Ramolla et al. 2013, in preparation). The good quality of the curves
allows us to see the time delay of the 670 nm NB (potentially dominated by the Hα)
to the B band continuum variation by eye to be about 16 days (marked by the black
arrows in Fig. 11).

Figure 12 shows another science verification result for the eclipsing binary star
CPD-41

◦
7742. The photometric data, kindly reduced by Angie Barr Dominguez, was

obtained in about 2 months of observations in Summer 2012 and our result of 2.44 days
agrees perfectly with the value determined by Sana et al. (2005). To conclude, the
VYSOS 16 telescope can now be used as a comfortable and reliable instrument for
variability studies.

Figure 10: Comparison between V band images from the POSS1 survey (left) and VYSOS 16
(right) for ESO 374-G25. Note that the effective aperture of the Palomar Schmidt
telescope is 1.26 m, more than three times larger than VYSOS 16. Stellar profiles in
the right-hand image have a lower effective resolution (3.′′2 FWHM of point sources,
compared to 2.′′9), but the PSF profiles have very pronounced smooth shapes due
to the resampling of the images. The digitized POSS1 was obtained from the NED.
Both images span 5′ × 5′.
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Figure 11: Preliminary lightcurves of RX J1741.4+0348 in Johnson B band (blue) and 670nm
NB (red). The last datapoint in this Figure is from September 23th 2012. All data
has been taken with the VYSOS 16 telescope alone. Fluxes are normalized to their
average flux and the NB is shifted 0.4 units upwards.
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3.1 photometric observations

All photometric observations were performed with three robotic telescopes: The 15 cm
VYSOS 6, the 40 cm VYSOS 16 and the 25 cm BEST II telescopes on Cerro Armazones
in Chile. The filter configuration of the telescopes is shown in Table 2, Appendix.
Time frame, sampling rate and filter selection are given in Table 1, respectively for
each object and epoch.
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Figure 13: Effective transmission of the VYSOS 6 filters convolved with the quantum efficiency
of the ALTA U16M CCD camera.

Figure 14: Effective transmission of the VYSOS 16 filters convolved with the quantum effi-
ciency of the Kodak 6303E.
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3.1.1 VYSOS6

VYSOS 6 features two identical 15 cm refractors on a German equatorial mount. Each
tube has a filterwheel with 7 slots and one 4098 × 4098 pixel CCD camera1. For
VYSOS 6, the field of view is a 2◦42′ × 2◦42′ square, with a pixelsize of 2.′′37× 2.′′37.
The association of the filters to the two refractors is given in Table 2 (Appendix). Addi-
tionally, the convolution of our applied filters with the quantum efficiency of the CCD
is depicted in Fig. 13.

3C120 was observed between October 2009 and March 2010 with a median sam-
pling of two days in the B and V bands and the [O III] λ(5007± 30) Å narrow band.
For Ark120 and PG0003+199, we obtained light curves with a median sampling of
two days in the B band (Johnson, 4330± 500 Å), the redshifted Hα (NB 6721± 30 Å at
z = 0.0258) and Hβ lines (NB 5007± 30 Å at z = 0.0327) between August 2009 and
March 2012. For Ark120 we also obtained a light curve in the V band (Johnson,
5500 ± 500 Å). In addition, we observed PG0003+199 in both B and V on July 25,
2010 and June 26, 2011. Figure 13 shows the effective transmission of the filters used
here. To perform absolute photometric calibration, each night we observed standard
stars in the fields SA092, SA095, SA111 from Landolt (2009).

ESO 374-G25 was observed during 2 epochs in 2011 (April until June) and 2012

(February until April) with VYSOS 6 in BJ , rS and the [S II] narrow band filter with a
median sampling of 3 and 1 days.

3.1.2 VYSOS 16

VYSOS 16 is a 40 cm Coudé reflector telescope, mounted on an equatorial mount. It
has a 5 slot filterwheel installed inside a 3072 × 2048 pixel CCD camera2. Further
specifications of VYSOS 16 are detailed in Chapter A.1. The association of the filters is
found in Table 2 (Appendix). Additionally, the convolution of our applied filters with
the quantum efficiency of the CCD is depicted in Fig. 14.

The telescope was used to observe ESO 374-G25 in 2012 between the 2nd April
until 20th May. At the end of May, the object was too late to be observed for a longer
period, hence the total lightcurve is rather short. The observations were performed us-
ing Johnson B, V and the 670 nm narrow band. Unfortunately, due to difficult weather
conditions and hardware problems with the mounting of the Telescope3, we could not
obtain a good time resolution first. Although the sampling in the observation plans
was chosen to be one day, the actually observed sampling has gaps of several days
up to two weeks. The planning schedule allowed to use both Johnson B and V and
670 nm. In all filters, we also observed the standard star field SA111 from Landolt
(2009).

3.1.3 BEST II

BEST II features a Newton reflector telescope with 25 cm diameter mirror on a German
equatorial mount. Images are acquired by a CCD4 with 4096× 4096 pixel, that has a

1 Apogee Alta U16M
2 Kodak 6303-E
3 Caused by a loose plastic distance holder influencing the gearing of the δ axis.
4 FLI ProLine 16801
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pixel scale of 1.′′5× 1.′′5, resulting in a field of view of 1◦42′ × 1◦42′. The association of
the filters is found in Table 2 (Appendix).

During the second observation epoch of ESO 374-G25 (in 2012), supplemental ob-
servations have been conducted with the BEST II telescope in B and V band because
VYSOS 16 was not available before April 2012, and the usage of the V band filter was
not possible at VYSOS 6 due to the tight scheduling on this instrument. This was in-
tended primarily to provide a photometric lightcurve in the same epoch, when the
spectra by Wolfram Kollatschny and Matthias Zetzl were taken at SALT.

Having B and V band photometry with the same instrument was necessary for the
later FVG analysis (Sect. 3.5.3). The narrow dataset of VYSOS 16 alone did not allow a
reliable fit of the AGN color gradient.

3.2 photometry

All data were reduced in a standard manner, using IRAF and custom written tools.
Because the flux calibration using the standard star fields introduces additional errors
into the light curves, we created relative light curves (in normalized flux units) using
10–30 non-variable stars located on the same images within 30′ around the AGN and
with a similar brightness to the AGN. For analyzing time lags we used the mean
and standard deviation of these relative light curves. For the photometric analysis
(to obtain the AGN luminosities), we kept the shape of the mean light curves fixed
and cross-calibrated them by a least-squares fit to the photometry derived from the
standard star fields.

Photometry is obtained using apertures of 7.′′8 for PG0003+199 and 7.′′5 for all
other objects.For the absolute photometry, the errors for individual measurements are
determined from the above-mentioned standard deviation of the relative lightcurve
and the cross calibration with photometric reference stars from Landolt (2009). For
this, the atmospheric (For the nearby site Paranal by Patat et al. 2011) and galactic
foreground extinction (Schlegel et al. 1998). Afterwards, the fluxes are converted to
mJy, with results listed as f B and f V in Table 1.

For VYSOS 16 we have used the same aperture of 7.′′5 in our analysis. This aperture
has been set in order to allow a photometry that is more sensitive to the nuclear
flux than the surrounding host. Expanding the aperture to a size that also covers the
complete host will introduce too much detector noise for our faint sources and the
calibration stars.

Selecting a small aperture, however, can be problematic if the image was observed
under poor conditions (e.g. strong wind), so that the PSF is elongated. This will drive
nuclear flux out of the aperture, while the spatially broad distributed host flux stays
more or less constant. If images with these defects are detected, they will be rejected
for the FVG analysis to avoid this systematic error.

3.3 spectroscopic observations

Here we briefly describe the spectrographs that have been used to observe the four
AGN presented in this thesis in addition to our photometric campaign.
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3.3.1 Robert Stobie Spectrograph at the South African Large Telescope

In a joint project with Wolfram Kollatschny and Matthias Zetzl, Georg-August- Univer-
sität Göttingen, a dedicated list of AGN will be monitored photometrically from the
USB in Chile and spectroscopically from SALT. One of these objects is ESO 374-G25-
During our VYSOS 16 monitoring ten optical spectra have been taken between 15th of
February and 17th of April 2012. Standard reduction procedures were performed by
Matthias Zetzl. The RSS features optical and IR spectroscopy using a Volume Phase
Holographic (VPH) grating. In the optical it covers approximately a wavelength range
of 3200 Å to 9000 Å, having a resolution between 500 and 10 000. The slit dimensions
were 2”× 8′ rotated to the parallactic angle of the object.

3.3.2 Calar Alto Faint Object Spectrograph

CAFOS is situated at the 2.2 m telescope in the German-Spanish Astronomical Center
on the mountain Calar Alto in Spain. It was used with the B400 grism, giving a wide
wavelength coverage from about 3600 Å to 8500 Å with an dispersion of 10 Å per pixel
on the used SITe1d CCD. In October 2009, of 3C120, Ark120, PG003+199 and a stan-
dard star, a single contemporaneous spectrum was obtained, respectively with a slit
width of 1.′′54. I reduced the spectra using standard IRAF routines.

3.4 spectra and velocity dispersions

In this Section we present the analysis of the spectroscopic data that have been ob-
tained in the epochs of our photometric campaigns for each object respectively.

3.4.1 PG0003

Figure 15 shows the spectrum of PG0003+199. The contribution of higher order Balmer
lines (and that of the host galaxy) to the B band is negligible, thus the B band is
dominated by the AGN continuum. From the Hα profile in this spectrum, we can
calculate line dispersion using equations 3 and correct these for the resolution of the
spectrograph (σ2

Observed = σ2
Line + σ2

Instrument). To obtain the velocity dispersion, we use
the equation for relativistic Doppler shift (4).

σ2
λ =

∫
(λ− λ0)

2 P(λ)dλ∫
P(λ)dλ

, λ0 =
∫

λP(λ)dλ∫
P(λ)dλ

(3)

λ0 + σλ

λ0
=
√

c + σv

c− σv
(=) σv = c

(
λ0+σλ

λ0

)2
− 1(

λ0+σλ
λ0

)2
+ 1

(4)

When taking the spectral resolution into account, the observed Hα line dispersion
σ = 1300 km/s reduces to an intrinsic value σ = 870 km/s. The narrow band filter
effectively covers the line between velocities −2800 km/s and +1800 km/s, so that at
least 95% of the line flux is contained in the pass band, as we determined after line
profile deconvolution.
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PG0003+199, CAFOS, 27. Oct. 2009
z=0.0258
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Figure 15: Observed spectrum of PG0003+199. The B band (blue shaded) traces essentially
the AGN continuum, while the narrow band (red shaded) is dominated by the Hα
line. The blue and red shaded areas are a schematic illustration, and quantitative
calculations were made using the transmission curves shown in Figure 13.

PG0003+199 is essentially a point-like, low-luminosity quasar (Narrow Line Seyfert-
1) without a bright extended host. The Hα line is strong and well covered by the
narrow band filter. This makes PG0003+199 a clear-cut test case.

The contribution of both the [N II] 6583 Å and narrow-line Hα flux is predicted to
be less than 40% of the [O III] 5007 Å emission (Bennert et al. 2006), hence negligible
(< 10%). The continuum underneath the emission line is small, contributing to only
15% of the total flux in the band pass, therefore the narrow band light curves will be
dominated by the Hα echo of the BLR gas clouds. Comparison with simulated line
profiles of echo models (Welsh and Horne 1991 Horne et al. 2004) ascertains that the
5% line flux outside the band pass only has a marginal effect (< 2%) on the BLR
size determination: The narrow band echo may miss only a small fraction (< 20%) of
the innermost part of the BLR, namely the part that exhibits the fastest line-of-sight
velocity, while the innermost gas clouds moving closer along the sky plane exhibit a
modest line-of-sight velocity and are therefore contained in the narrow band.

3.4.2 Ark120

Ark120 lies at redshift z = 0.0327 so that the Hβ line falls into the NB 5007± 30 Å filter.
Compared to the case of PG0003+199, the observations of Ark120 are more challeng-
ing: First, compared to Hα, the Hβ line is fainter contributing only to ∼50% of the flux
in the NB band pass (Fig. 16). To measure the continuum variations underneath the
Hβ line, light curves using neighboring off-line intermediate bands would be ideal,
but such bands were not available. While the V band covers Hβ and the Fe complex,
it is dominated to 83% ± 3% by the AGN and host continuum (calculated using the
transmission curve of filter and CCD shown in Fig. 13), so we used the V band, in
addition to B band and NB 5007 Å. The second challenge is that (after accounting for
the spectral resolution) the Hβ line is broader than the narrow band pass, so that the
broadest line wings, carrying about 10 – 15% of the line flux, escape detection in the
NB. Despite these handicaps, the results are promising.
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Ark120 , CAFOS, 27. Oct. 2009
z=0.0327
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Figure 16: Observed spectrum of Ark 120. The B band (blue shaded) traces the AGN (and
host) continuum and a small (< 5%) contribution by Hγ. The V band (green shaded)
traces the continuum and a small (< 15%) contribution by Hβ. The narrow band
traces the continuum (black shaded) and Hβ (red shaded), each component con-
tributing to about 50% to the band pass. The red wing of Hβ extending beyond
[O III] is neither seen in Hα nor in Hγ and could be due to Fe lines (Korista 1992).
For the effective transmission curves of B and V see Figure 13.

Already in the 1970s and 1980s, numerous studies revealed that the Hβ line pro-
file of Ark120 is strongly variable and exhibits two peaks in the rms spectra and a
prominent red wing, which is present neither in Hα nor in Hγ (Fig. 16). As discussed
by Doroshenko et al. (1999), the BLR of Ark120 may show accretion inflows in addi-
tion to the virialized motion, and therefore any black hole mass estimates should be
considered with some reservation.

3.4.3 3C120

3C120 lies at redshift z = 0.0331, so that the Hβ line also falls into the [O III] λ(5007±
30)Å filter, as Figure 17 shows. The [O III] filter covers the line between velocities
−3800 km/s and +2200 km/s. About 95% of the line flux is contained in the [O III]
filter through line profile deconvolution.

The spectral plot shows that about 50% of the continuum and 50% of Hβ emission
line is contributing into the narrow band filter.

The narrow emission lines [O III] 4959, 5007 Å were modeled by single Gaussian
profile and afterward subtracted from the single epoch spectra (Denney et al. 2009).
We also considered the theoretical intensity ratio for this doublet of 2.98, determined
by Storey and Zeippen (2000) and consistent with observational measurements, which
exhibit a negligible intensity variation (Dimitrijević et al. 2007). A more sensitive case
occurs removing the narrow component of the Hβ profile. This can only be performed
under the assumption of standard emission-lines ratios, which allow to model this con-
tribution (Denney et al. 2009). We follow the same procedure as in Denney et al. (2009).
The [O III] 5007 Å line profile was used to create the model of the narrow emission, tak-
ing into account that the narrow component consists of about 10% of the [O III] 5007 Å
narrow line flux (Woo et al. 2007). This model was then subtracted from the Hβ line.
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Figure 17: CAFOS spectrum of 3C120 obtained on Oct.27 2009. The effective filter transmis-
sions are indicated; the transmission for the NB filter has been convoluted with the
quantum efficiency of the ALTA U16 CCD camera. As an schematic illustration we
show the AGN continuum (B band) and the narrow band ([O III] band) dominated
about 50% for the Hβ emission line (red shaded) and 50% for the continuum (V
band, black shaded).
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Figure 18: CAFOS spectrum of 3C120 zoomed in on the region around the broad Hβ emis-
sion line. The solid black curve represents the spectrum after subtracting the nar-
row [O III] 4959, 5007 Å emission lines (red dashed lines). The dashed red line (at
the bottom of the Hβ profile) shows the narrow Hβ model, for 10% intensity of
the [O III] 5007 Å line. The solid blue line represents the spectrum after subtracting
the narrow Hβ models. Note that the broad faint He II4686 Å emission line can be
clearly seen, but its possible contribution to the Hβ profile is negligible.
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Figure 18 shows the original Hβ 4861 Å profile together with the narrow emission
lines subtracted.

Once the narrow lines were removed, the Hβ profile was isolated by the subtrac-
tion of a linear continuum fit, obtained through interpolation between two continuum
segments on either end of the line, taking into account the possibility of local contin-
uum contamination by FeII contribution and the red wing of the He II 4686 Å emission
line (which may be blended with the blue wing of Hβ). This process was performed
on the original (without subtraction of narrow lines) and corrected spectrum (nar-
row lines subtracted), in order to compare both results5. The velocity dispersion after
removal of narrow lines is σline = 1264 km/s, consistent with σline = 1166 km/s ob-
tained by Peterson et al. (2004). From a more recent spectroscopic reverberation cam-
paign, Grier et al. (2012a) determined σline(mean) = (1687± 4) km/s and σline(rms) =
(1514± 65) km/s. We should note that the narrow Hβ component, in the mean spectra
obtained by Grier et al. (2012a) (their Fig. 1), is clearly contributing to the Hβ profile,
which suggests that an underestimation of our subtraction would turn our velocity
dispersion underestimated too, considering the possible systematic effects detected
from single epoch spectra (Denney et al. 2009). On the other hand, our time lag is
about 40% smaller than the result derived by Peterson et al. (2004). Hence, accord-
ing to photo-ionization physics, the Hβ region is closer to the ionizing source and in
consequence higher velocities of the gas clouds are expected.

3.4.4 ESO 374-G25

ESO 374-G25 is a key target in the joint photometric/spectroscopic RM project. The
spectra allow us to determine the kinematics of the Hα line for our second photometric
observation run in 2012.

Figure 19 shows the quick-look spectra of ESO 374-G25, taken with the RSS at the
SALT. They have been reduced and intercalibrated by Matthias Zetzl. The relative in-
tercalibration has been performed by assuming constant shape and flux of the 5007 Å
[O III] line. Hence, the spectra are shifted in wavelength and scaled in flux. The dis-
persion axis spreads across an array of 3 CCDs. One border lies at ∼ 5300 Å and the
other one at ∼ 6400 Å.

The upper Figure depicts an approach to estimate the host color. From the two-
dimensional spectral image, two different apertures were used for extraction. ESO 374-
G25 has a well resolved host(see Fig. 10). The smaller aperture of ∼ 7.′′1 is chosen to
cover the nuclear region as completely as possible while minimizing the host contribu-
tion. The larger aperture of ∼ 30.′′7 was intended to catch more of the host flux around
the nuclear region.

The green difference spectrum (large minus small aperture, multiplied by 3) indi-
cates that the surrounding host galaxy is bluer than the nuclear region. As expected,
the broad Balmer lines are much weaker. The remaining broad component presumably
comes from the outer PSF wings of the nucleus stretching out to our outer aperture.
The bluer colors in the outer regions can be interpreted as differences in the average
stellar evolution in the regions we are looking upon. This means, the bulge-like center
(although tightly overlaid with the blue but weak AGN) has an old and red stellar
population, while the outer blue ring shows the young regions of starformation. In

5 If the narrow lines were not removed, the velocity dispersion would be to high (σline = 1405 km/s).
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the spheroidal galaxies analyzed in Barway et al. (2005), these color properties of the
galaxies were seen too.

With a redshift of z = 0.0237 (Theureau et al. 1998), the Hα line falls mainly into
our 670 nm and [S II] narrow band filters. The red wing is also visible in the 680 nm
filter. In the lower Fig. 19, the contribution of Hα to continuum in the [S II] NB filter is
varying from ∼ 1/2 down to ∼ 1/5.
For ESO 374-G25 the Hα line is broader than our available NB filters (see Fig. 20).
While the 670 nm filter covers about 80% of the total Hα line, the [S II] filter will
collect only about 45% close to the line center. Hence, the faster (because of the lower
distance to the nucleus on Keplerian orbits) variations of the Hα line wings will be
missed. To get a better estimate on the true line dispersion of Hα, the stationary narrow
components (of the host environment) have been subtracted. This is depicted in Fig. 20,
where the narrow Hα 6548 Å and the narrow [N II] 6584 Å lines have been subtracted.
This was performed in the following order:

1. Fit a Gaussian profile to the [N II] 6584 Å line with the boundary condition that
the underlying slope of the broad line towards longer wavelenghts has a constant
gradient. Then subtract the Gaussian from the spectrum.

2. According to Storey and Zeippen (2000), we assume that the flux ratio between
[N II] 6548 Å and 6584 Å is 1:3. Then we subtract a scaled Gaussian with same
line width parameters, from the spectrum at 6548 Å.

3. Finally we perform another Gaussian profile fit at the position of Hα, again
with the boundary condition that the underlying spectral slope has a minimized
gradient. This profile is subtracted from the spectrum too.

In Figure 20 , the resulting spectrum is plotted together with the subtracted peaks
(dotted slope). Netzer (1990) suggests a flux ratio between [N II] and Hαnarrow of
about 1:1 (up to 1:3). In our fit, the narrow Hα is only 70.25% apart from the 1:1
ratio. Hence, we may have overestimated [N II] and/or underestimated the narrow
Hα. Fixing either problem however, would create a very unlikely narrow gap in the
BLR profile, which is more speculative than the smoothness assumption in the profile
fits above. From Fig. 20 the FeII contribution could not be clearly determined, because
a potential bump in the spectral slope is not seen here. By assuming a smooth BLR
profile the potential contribution is negligible.

For comparison, we calculate the dispersion for the different NB filters used, i.e.
[S II] of VYSOS 6 and 670 nm of VYSOS 16. In Fig. 20, we convolved the Hα line pro-
file (above the dashed continuum) with the used filter transmission normalized to its
maximum transmission. While spectroscopic reverberation data enable one to use the
velocity information from the rms spectra, i.e. from the variable portion of the emis-
sion lines, several attempts have been made to determine the mas of the central black
hole using single epoch spectra (e.g. Vestergaard 2002, Woo et al. 2007, Denney et al.
2009). In this way the reported uncertainties of the velocity dispersion range between
15% and 25%, of which we will assume the latter. The total Hα dispersion is then
(2190± 550) km/s.

Figure 21 illustrates which regions in a Keplerian accretion disk are lost, when
observing with the NB filter respectively. The Figure approximates our situation of 15
– 20% line flux loss. Here, we only loose the BLR clouds moving fast on the line-of-
sight to the observer. The fast moving clouds that move perpendicular to the line-of-
sight, will still be measured in the narrow filter. However, the average BLR distance
measured must then be expected to be larger.
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Figure 19: SALT spectra of ESO 374-G25. The upper plot shows our complete set of intercali-
brated spectra. The plot below shows a difference spectrum between a 7.′′1 (30 pixel)
wide aperture and 30.′′7 (130 pixel) wide aperture. As additional information, rela-
tive filter transmissions VYSOS 16 are drawn at the lower border (left to right): BJ
,VJ , 670, 680 and 690 nm. At about 5400 Å and 6400 Å, the CCDs have their borders.
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Figure 20: SALT spectrum of ESO 374-G25 from 4th April 2012, zoomed in to the region of the
broad Hα line (black line). Narrow components of Hα and [N II] have already been
subtracted, and are represented by the thin dotted line. The convolutions of the nar-
row band filters with the broad Hα line profile are plotted as colored lines. For this,
the line profile has been measured above the dashed continuum approximation and
multiplied with the relative transmission of the filter and quantum efficiency of the
CCD. The 670 nm filter (cyan) covers about 80% of the total line, while the [S II]
filter (red) will collect only about 45%, and predominantly the slow moving com-
ponents. At 6867 Å, there are atmospheric O2 absorption features, that have been
avoided in the continuum estimation. A very weak narrow component is visible at
the redshifted position of Hα. 25 Å to the right side of it, we find the narrow [N II]
(λ = 6584 Å) line. Both are covered by our narrow filters, but they stay constant
over time.

The details of these effects are being studied in the Diploma Thesis by Bruckmann
(2012). The first results show that the bias of using a filter that is narrower that the
target Balmer (Hβ in his case) line will not change the average lagtime significantly.
This is numerically simulated for a 3C120-like object with the results:

1. A perfect symmetrical cut of the high-velocity line wings of 50% will only intro-
duce a systematic error of ∼ 2% to τ.

2. Moving the filter to the red flank, losing 1/3 of the total flux at the blue side
(asymmetric cut) will cause an systematic offset of < 1% only.

In our particular case, we are facing a combination of both effects. Even given the
perspective of the model analysis above, we must consider that there may be a bias in
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our time lag estimates (see Sect. 3.5.1) towards larger values besides other sources of
errors, like time-sampling and time-gaps that will have an impact on our results.

3.5 results and discussion

In this Section we present our results of the different analysis steps, beginning with the
time-lag estimation through DCF (Edelson and Krolik 1988) applied to the lightcurves.
Then we combine this with single epoch spectroscopy to estimate black hole masses.
Using the FVG method (Choloniewski 1981; Winkler 1997; Winkler et al. 1992), we
separate nuclear from host flux in our apertures. Finally, we present new positions of
our four observed AGN in the radius – luminosity diagram.

3.5.1 Lightcurves and BLR size

In this Subsection, we will present the different lightcurves and their DCF together
with a statistical analysis to estimate reliable lagtime errors.

PG0003

Figure 22 depicts the light curves of PG0003+199. The AGN continuum as traced
by the B band increases gradually from August 2009 to a peak around the end of
September, followed by a steep trough by 20% at MJD ∼ 55118 (= 55045 + 73). Also
the Hα light curve has a steep ∼ 10% trough with a delay of about 20 days.

We used the discrete correlation function (DCF, Edelson and Krolik 1988) to cross
correlate the Hα and B band light curves. The cross correlation shows a major peak
with a lag of 20.2 days as defined by the centroid τcent (Fig. 23). Two smaller correlation
peaks around lag 50 days and 65 days are present, and are caused by the B band
troughs at the beginning and middle of September 2009 (Fig. 22). We do not consider
these two lags further here, because spectroscopic reverberation predicts a lag of less
than 30 days (Peterson et al. 2004).

We estimate the error for the cross correlation time lag using the flux randomiza-
tion / random subset selection method (FR/RSS, Peterson et al. 1998b, Peterson et al.
2004). From the observed light curves of Hα and B band, a subset of 2000 randomly
generated curves is created with each curve containing 63% of the original data. This



32 photometric reverberation mapping

0 20 40 60 80 100 120
Days after MJD 55045 (= 1. Aug. 2009)

0.8

1.0

1.2

1.4

N
or

m
al

iz
ed

  F
lu

x 
 D

en
si

ty

PG0003+199

 B-Band

 Hα  ( + 0.3)

Nov 2009Oct 2009Sep 2009Aug 2009

20 days

Figure 22: B band and Hα light curves of PG0003+199. The Hα observations were started in
October 2009 after recognizing the pronounced B band variations.

is considering the Poisson probability, avoiding the selection of a particular point, re-
ducing the size of the selected sample by a factor about 1/e (Peterson et al. 2004). For
every datapoint the flux is then altered according to its normal distributed measure-
ment error. For each of these 2000 sets of lightcurves we calculate the DCF and its
centroid value τcent. Figure 24 shows the distribution of the 2000 τcent values, which
yields the median lag τcent and the 68% confidence range. From this distribution we
obtain a lag τcent = 20.5+2.0

−2.8 days. Thus, the mean of positive and negative uncertainty
of τcent is about 12% (2.4/20.5).6 Correcting for the time dilation yields a rest frame
lag of τrest = 20.0+2.0

−2.7 days.
We did not find any Hα lags of PG0003+199 in the literature, but we can compare

our result with that of the Hβ line for which spectroscopic reverberation mapping
found a rest-frame lag of 15.7± 3.7 days averaged over several epochs (Peterson et al.
2004, Bentz et al. 2009b) or the recent study by Grier et al. 2012b, with a lag of 13.9±
0.9 days. This Hβ lag is ∼ 30% smaller than our Hα lag of 20.0 days. One possible
explanation could be that the BLR size is smaller for higher excitation emission lines.
Kaspi et al. (2000) found in the spectroscopic reverberation data of 17 PG quasars
RHα = s · RHβ with a scaling factor s = 1.19, but a high uncertainty of ±0.23. On
the other hand, Kollatschny (2003a) provides clear evidence for the BLR stratification
of Mrk 110 (s = 1.37, his Table 1). Recently, the Lick AGN Monitoring Program of 11

low-luminosity AGN found s = 1.54 ± 0.4 (Bentz et al. 2010). It could be that the
BLR stratification and the scaling factor s depends on the luminosity. The luminosity
of PG0003+199 is similar to that of Mrk 110. If the value s = 1.37 of Mrk 110 holds
for PG0003+199, then the Hβ lag of PG0003+199 translates to an Hα lag of 13.9 ×
1.37 = 19.0 days, hence agrees within 6% with the restframe Hα lag of 20.0 days
from our measurement. Kaspi et al. (2000) provides us also with an 5100 Å flux of
(7.57± 1.01) erg s−1cm−2Å−1 that corresponds to (6.56± 0.88) mJy, being in the range

6 The observed Hα light curve has only 10 data points, 3 of which are in the trough. While a subset of
exactly 63% data points would require to take 6.3 data points, we selected 7 random data points. This
∼ 10% larger number of data points may bias the errors to somewhat lower values. On the other hand,
we find the largest errors for those randomly selected subset light curves where all 3 data points in the
trough are omitted. In this case the information about the existence of a trough is completely lost. To
counterbalance this effect, we selected 7 instead of 6.3 data points.
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between our measured fluxes, as listed in Table 1 in the Appendix. If one interpolates
between our B and V fluxes, (assuming Fν ∝ να) their total flux is about 10% lower.
This can be an explanation for a smaller BLR size one year after our campaign.
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Figure 23: Cross correlation of the B and Hα light curves of PG0003+199, taking all data points.
The dotted lines indicate the error range (±1σ) around the cross correlation. The red
shaded area marks the range to calculate the centroid τcent of the major correlation
feature, yielding a lag of 20.2 days (vertical dashed line).
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Figure 24: Result of the FR/RSS error analysis of the cross correlation of the B and Hα light
curves of PG0003+199. The histogram shows the distribution of τcent for 2000 flux
randomized and randomly selected subset light curves. The median of this distribu-
tion is taken as the final value of the lag τcent. The red shaded area marks the 68%
confidence range used to calculate the errors of τcent.

Ark120

Figure 25 depicts the light curves of Ark 120. The dense time sampling clearly outlines
the variations. The B band steeply increases during ten days in November 2009 by
about 17% with a sharp peak at the end of November 2009. From January to March
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2010 it declines gradually by about 17%. In November the V and NB light curves
are similar to that of the B band, but with smaller amplitude (V ∼ 10%, NB ∼ 7%).
In contrast to the steep B band flux increase, the NB flux increase is stretched until
January 2010 with an amplitude of 12 – 15% between the beginning of November and
January. While the continuum brightening occurred in November, the line brightening,
as far as we can see it, is delayed to January 2010, yielding the measured lag of τcent ∼
48days.

The NB contains about 50% continuum and 50% Hβ, as can be already seen in the
SE spectrum in Fig. 16. In support of this, the observed flux ratios between the V band
and the [O III] band are shown in Fig. 26. Of course, the Hβ reaction to a variation of
the continuum is delayed (causing the scatter seen in the distribution), but the average
fluxes (marked by the colored lines in Fig. 26) allow us to estimate the Hβ fraction in
the NB filter. The contribution of Hβ in the broad V band is clearly < 10% (see Fig.
16), hence a subtraction of the V band flux from the [O III] NB flux will result in a
slightly underestimated Hβ residual flux, which is ∼ 55% of the NB flux in this case.
With regard to the scattering, the assumption of ∼ 50% continuum can therefore be
justified. The residual error will finally be eliminated in our following DCF analysis,
where this assumption suppresses the autocorrelation component.

To remove the continuum, we computed a synthetic Hβ light curve by subtracting
a scaled V curve from the NB curve: Hβ = NB − 0.5 V (V scaling factor = 0.5). Alter-
nating the V scaling factors between 0.4 and 0.6 yields similar results. The synthetic
Hβ curve still has a remaining variability pattern in October and November, which
we suggest arises from the relics of the continuum. However, the important result is
that compared to November, the ∼ 10% higher flux level in January becomes more
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Figure 25: Light curves of Ark120 between October 2009 and March 2010. The B, V, and NB
curves are as observed, the Hβ curve is computed by subtracting a scaled V curve
from the NB curve (Hβ = NB −0.5V) and re-normalization (mean=1). For better
visibility, the light curves are shifted against each other by +0.2. The 2009 December
data are mostly lost by strong wind preventing us from opening the dome.
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Figure 26: Flux-flux diagram of Ark120 for the [O III] and V band filter. The red and green
lines represent the average flux in the [O III] and V band respectively. The data are
as observed and not corrected for extinction. Fluxes (black dots) were measured
using 7.′′5 aperture photometry.

pronounced. While the subtraction of a scaled V curve from the NB curve turns out
to be a successful approach to recovering a pure Hβ light curve, it may be more pre-
cise to take just another NB filter in direct neighborhood of the Hβ line, placed on a
line-free continuum area. Note that to achieve this, the VYSOS 16 has been equipped
with a set of three neighboring NB filters.

Figure 27 shows the cross correlation results after applying the DCF to the entire
light curves in a first step. The DCF of B and NB exhibits two distinct major peaks, one
at a lag of 47.5 days and one at a lag of about zero days. Because the cross correlation
of B and V yields a lag of 1.2+1.6

−2.6 days consistent with lag zero, we conclude that the lag
zero peak in the DCF of B and NB comes from the continuum contribution contained
in the NB. This contribution appears here in autocorrelation, while the lag of 47.5 days
is due to the line echo. This is corroborated further by the DCF of the B and synthetic
Hβ curves, where the peak at lag 47.7 days dominates, while the continuum-caused
contribution at lag zero is very reduced. This shows that the subtraction of a scaled V
light curve from the narrow band light curve, in fact, largely removes the interfering
continuum emission, allowing us to measure the lag of the emission line.

To determine the lag uncertainties, we applied the FR/RSS method, again creating
2000 randomly selected subset light curves, each containing 63% of the original data
points, and randomly altering the flux value of each data point consistent with its
(normal-distributed) measurement error. Then we cross-correlated the 2000 pairs of
subset light curves and computed the centroid τcent. As shown in Fig. 28, the resulting
median lag is τcent = 47.5+3.4

−3.0 days for the DCF of B and NB, and τcent = 48.0+3.0
−3.3 days for

the DCF of B and synthetic Hβ. Briefly, the lag uncertainty is about 7%. Correcting 48.0
days for the time dilation factor (1.0327) we obtain a rest frame lag of τrest = (46.5±
3.3) days, consistent with the lag found by spectroscopic monitoring ((47± 10) days
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Figure 27: Cross correlations of Ark 120 light curves for B and NB, and for B and the synthetic
Hβ (= NB −0.5V). The dotted lines indicate the error range (±1σ) around the cross
correlation. The red shaded area marks the range used to calculate the lag τcent
(vertical dashed line).
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Figure 28: FR/RSS cross correlation results of Ark 120. Left: B and NB. Right: B and synthetic
Hβ. Each histogram shows the distribution of τcent obtained by cross-correlating
2000 flux randomized and randomly selected subset light curves. The median of
this distribution is taken as lag τcent. The red shaded area marks the 68% confidence
range used to calculate the errors of τcent.
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Figure 29: Artificial B and NB light curves of Ark120, with additional data points (black dots)
filling the observational gap of 18 days end of December 2009. The data points are
chosen so that they mimic a strong line echo during the gap.
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Figure 30: Left: Cross correlation of the complemented B and NB light curves of Ark 120 shown
in Fig. 29. The dotted lines indicate the error range (±1σ) around the cross corre-
lation. Right: Distribution and 68% confidence range of τcent, obtained by FR/RSS
analysis.

by Peterson et al. (1998a, 2004) and in the range of 34 – 54 days by Doroshenko et al.
(1999)).

However, because of the observational gap at the end of December 2009, we do
not know whether the line brightening already occurred at this time. To test the ef-
fect, if there were a strong line echo in December 2009, we took the B and NB light
curves and filled the gap with the artificial bump in the NB light curve as shown in
Fig. 29. The bump may be somewhat strong, but it was chosen to better illustrate the
potential effects here. One can already see in the light curves that the lag between the
B band increase in November and the NB increase in December is about 30 days. The
cross correlation of these artificial light curves shows two major peaks, one from the
autocorrelated continuum at lag zero and one from the line at lag 31 days (Fig. 30).
The FR/RSS analysis yields τcent = 30.2+1.0

−1.2 days. The difference between this lag and
τcent = 48 days derived from the original light curves is 18 days which is just about the
size of the gap. From this example we conclude that, if there is a large observational
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gap, one should take a potential systematic error of τcent into account, which is about
the size of the gap. In this example the light curve is short in the sense that it covers
only one pronounced continuum event and one subsequent line echo. Therefore the
missing information during the gap cannot be filled. But in long-lasting light curves
that cover several variability events one may expect that the actual gaps are smaller
on average. These considerations about systematic errors hold for both photometric
and spectroscopic reverberation data. Therefore, they do not question the successful
applicability of photometric reverberation mapping.

3C120

The light curves of 3C120 are shown in Figure 31. The B band shows a gradual increase
from the beginning of October to the beginning of December by 30%. Afterwards, the
flux undergoes an abrupt drop by about 20% until mid-December 2009. Between
the end of January and early February, the variability is more regular and the flux
increases again to reach a third maximum at the end of February 2010. In contrast
to the steep B band flux increase, the NB flux increase is stretched until December
2009 to its first maximum. The sharp decrease in flux in the B band, after the second
peak in late December 2009, is reflected in the NB in early January 2010. Thus, as a
first approximation, the time delay is 20 – 30 days. The spectrum, shown in Fig. 17

allows us to estimate the Hβ fraction to the [O III] NB filter to be ∼ 50%. Additionally,
by plotting the V band flux versus [O III] NB flux in Fig. 32, we estimate this ratio.
Subtracting the V band from the NB yields an average Hβ fraction of 44%. Considering
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Figure 31: Observed light curves of 3C120 between Oct. 2009 and March 2010. The Hβ light
curve is computed by subtracting a scaled V curve from the NB curve and re-
normalized to mean = 1. The light curves were shifted by multiples of 0.2 for clarity.
The data gap between the end of December 2009 and the beginning of January 2010

is mostly due to strong wind preventing observations.
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Figure 32: Flux-flux diagram of 3C120 for the [O III] and V band filter. The red and green lines
represent the average flux in the [O III] and V band respectively. The data are as
observed and not corrected for extinction. Fluxes (black dots) were measured using
7.′′5 aperture photometry.
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Figure 33: Results of the cross correlations of the lightcurves of 3C120. Left: B and [O III] NB.
Right: B and synthetic Hβ light curves. The dotted lines indicate the error range
(±1σ) around the cross correlation. The red area marks the range used to calculate
the centroid of the lag, which is represented by the vertical red dashed line.

that the V band contains the Hβ flux too (< 10%), this ratio is slightly underestimated.
Hence, the assumption of ∼ 50% continuum is justified.

The cross correlation shows a major peak for a time delay of 25.1 days, which is
defined by the centroid τcent in Figure 33. As usual we adopted the median sampling
value (2 days) for the bin size in the DCF. In addition we have made the computations
for different values of the bin size, in order to detect possible significant variations
in the time delay (Rodriguez-Pascual et al. 1989). Some of this variations can be in-
troduced due to scatter of the points in the DCF (bin size smaller than the median
sampling) or due significant structures caused by the noise (bin size grater than the
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Figure 34: Dependence of the lag (determined by the DCF) from the bin size. The square
symbol indicates the value used in this work (bin size of 2 days) and the dashed
line represents the average value of 24.85. The data points are here connected by a
line only to guide the eye.
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Figure 35: Results of the FR/RSS cross correlation for 3C120 for B and synthetic Hβ. The his-
togram shows the distribution of the centroid lag obtained by cross correlating 2000
flux randomized and randomly selected subset light curves. The red area marks the
68% confidence range used to calculate the errors of the centroid.
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median sampling) (see Rodriguez-Pascual et al. 1989, for details). Figure 34 shows the
dependence of time delay on different bin size values (1-8 days). The difference is less
than 2% in comparison with our adopted value and which is an expected response for
high quality sampling.

Because of the broad distribution of the lag, the DCF centroid was adopted to be
measured above the correlation level at r ≥ 0.5× rmax. We also used the correlation
level at r ≥ 0.8× rmax, which is the most adopted value in recent spectroscopic rever-
beration measurements.To determine the uncertainty in the time delay we apply again
the FR/RSS method (Peterson et al. 1998b, Peterson et al. 2004)). Figure 35 shows a
histogram with the distribution of the 2000 τcent values which yields a median lag
τcent = 24.4+1.4

−2.1 days. Correcting the mean lag time for the time dilation factor we ob-
tain a rest frame lag τrest = (23.6± 1.7) days, hence the lag uncertainty less than 10%.
This lag is smaller than the τrest = (27± 1) days obtained by Grier et al. (2012a), from
their spectroscopic reverberation campaign that was one year after ours. Considering
the luminosity change during this time, in Sect. 3.5.4 we will see that our results fit
nicely to the RBLR – LAGN relationship.

The rest frame lag derived here is in good agreement with the results obtained by
Grier et al. (2012a), who determined a rest frame lag τrest = 27± 1 days from a recent
spectroscopic reverberation mapping campaign.

ESO 374-G25

The VYSOS 16 observations were first performed on April 2nd 2012, overlapping with
those of VYSOS 6, having the same intended sampling rate of one day, including
now also V band observations and switching from the NB [S II] filter of VYSOS 6
to the 670 nm filter of VYSOS 16. To combine both datasets, we normalized the rela-
tive VYSOS 16 fluxes to those final datapoints of VYSOS 6, from 2nd until 7th of April
(overlapping period).

In the epoch of 2011 (Fig. 36, top left), we see a steep B band rise in April, followed
by a decline until May. Afterwards, there is a slow rise towards the end of the epoch.
The maximum amplitude of the variation is about 20%. The NB follows the B band
qualitatively, but in the minima of the curves in May, we can already see a shift of
about 10 days. From the spectra (see 3.4.4), we can assume ∼ 50% contribution of the
continuum to the NB fluxes. With this assumption, we can construct a synthetic Hα

lightcurve by subtracting half of the B band flux (Fig.36, top right). As a result, the
minimum in the Hα curve is more pronounced.
For the epoch of 2012, we follow an identical analysis. In March, there is a significant
valley in the B band (about 10%) of which we see an echo about 10 days later in the
NB. Again, by subtracting 50% B band flux, our synthetic Hα curve shows a more
pronounced echo of this signal. At the begin of April, there is a second bump of about
10%, of which the echo is falling into place with another rise of the continuum in the
mid of April, but due to the gap before and the end of the lightcurve afterwards, this
is not as clear-cut as the first feature.

Figure 37 shows the results of the DCF analysis of the lightcurves from Fig. 36. The
left-hand side represents the DCF between B band and the original NB flux for both
epochs. We see autocorrelation peaks at zero days, as expected due to the continuum
contribution in the NB filter. However, there are already convincing correlation peaks
at τ = 11.1 days (2011) and τ = 10.7 days (2012), by measuring the first moment of
the correlations in this peak above a threshold of 0.8 (2011) and 0.3 (2012), as marked
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Figure 36: Relative photometric lightcurves of ESO 374-G25. Top left is the original narrow
band flux together with the B band taken in 2011. Top right is the B band and the
synthetic Hα curve, obtained by subtracting a scaled B band curve from the narrow
[S II] band for 2011. Below the same figures for the year 2012. All relative fluxes
are scaled relative to the first point, chosen to be 1. The NB and Hα flux is then
shifted 0.4 unit upwards. The ending of the VYSOS 6 observations and the begin-
ning of the VYSOS 16 observations is marked, together with significant features of
the lightcurves.
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Figure 37: Discrete cross correlation of both observation epochs of ESO 374-G25 applied to
the lightcurves in Fig. 36. Left are the DCFs between the observed NB and B band
lightcurves, right the DCF between the synthetic Hβ and B band lightcurves. Our
assumption for the continuum fraction in the total NB flux appears effective in
leveling the autocorrelation peak at zero days.
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Figure 38: Histogram result of the FR/RSS error analysis of our B and synthetic Hα lightcurves
for ESO 374-G25. The histogram shows the distribution of τcent for 2000 flux random-
ized and randomly selected subset light curves. The median of this distribution is
taken as the final value of the lag τcent. The red shaded area marks the 68% confi-
dence range used to calculate the errors of τcent.
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by the red dashed area in the plots. Note that the correlation coefficient of the DCF is
not normalized, so we select the thresholds relative to the peak of the most plausible
correlation. The choice of a lower time-bin size does not change the results if a well-
sampled data is used according to Peterson et al. (2004). Due to the sparser sampling in
2011, the correlation peaks are broader and the flanks of zero and 11.1 days obviously
overlap, biasing the peak of our Hα echo towards lower lagtimes. Indeed, this can
be verified if we look at the correlation of B band and Hα (NB minus 50% of the
B band flux). This is shown the right-hand side, where we can clearly see that the
autocorrelation peak is well removed in both epochs, 2011 (top right) and 2012 (bottom
right). Removing the autocorrelation bias in 2011 pushes the mean lagtime to τ = 12.0
days. In 2012, there is no effect on the result. This is because of the better time sampling
of the lightcurve, causing independent sharp correlation peaks in the DCF plot.

To determine the lag uncertainty again, we applied the FR/RSS method. For each
of the 2000 generated sets of lightcurves we calculate the DCF and its centroid (like in
Fig. 37). Then, in Fig. 38, we show a histogram of the distribution of all the τcent results.
Correcting for time dilation, for the epoch in 2011, we calculate τ = 12.2+2.0

−2.5 days by
deviating from the median value τmedian to each side of the distribution until 68% of
the counts are reached, to take this ranges as upper and lower error. Analogously, the
result for 2012 is τ = 11.1± 2.6 days.

3.5.2 BH-Masses

Next we try to determine the mass enclosed by the BLR. This mass is dominated by
the central black hole, enabling us to determine good estimates with our reverberation
mapping technique. The enclosed mass is obtained via the virial theorem:

MBH = f
cτσ2

v
G

(5)

Where c · τ is the average radius of the BLR clouds disk on an Keplerian orbit with
the velocity σv, here the velocity dispersion of the BLR clouds. The factor f is a scaling
factor, dependent on the geometry and kinematics in which the real BLR is different
from our simplified model. The average value for this is still under debate. Onken
et al. (2004) derived a first empirical average of this factor of f = 5.5± 1.8. Although
there exist more recent studies like Graham et al. (2011) that conclude a value of
2.8+0.7
−0.5, other RM projects as Bentz et al. (2006, 2007, 2009b); Denney et al. (2006, 2009);

Grier et al. (2008); Metzroth et al. (2006); Peterson et al. (2004, 2005); Sergeev et al.
(2007) have been adopting the value of f = 5.5. Hence, we will do the same for better
comparability of our results with the literature.

The bottom line of our analysis is that these virial BH mass estimates have to be
seen with some reservation because we only rely on single epoch spectra and the line
profiles are not necessarily symmetric, as can be seen easily in the Hα lines by Ark120

and ESO 374-G25, both of which show a prominent red wing.

PG0003

For PG0003+199 we obtained an intrinsic Hα line dispersion from our single epoch
spectrum of 870 km/s (with 25% uncertainty adopted). The DCF analysis of the lightcurve
shows a rest frame time time delay of 20.0± 2.4 days. Then the virial black hole mass
is Mvirial = (3.0± 1.5)× 106 M�. Adopting the scaling factor of f = 5.5 (Onken et al.
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2004), this yields a central black hole mass of MBH = 16.3± 8.3× 106 M�, in agreement
with the value of 15.2+4.7

−4.2 · 106 M� derived via spectroscopic reverberation mapping by
Peterson et al. (2004).

Ark120

From our single epoch spectrum we determined an intrinsic Hβ line dispersion of
σ = 1950 km/s, in agreement with the value by Peterson et al. (2004). To get rid of the
red wing of the Hβ line, we mirrored the blue side of the Hβ line profile to the red, and
calculated the line dispersion of this synthetic profile. The shape and the dispersion
of this profile are consistent with what we derived for Hα (σ ∼ 1970 km/s) and Hγ

(σ ∼ 1920 km/s). Combining line dispersion (with 25% uncertainty adopted) and the
rest frame time delay (46.5± 3.25 days) yields a virial Mvirial = (35± 17)× 106 M� .

Again using the scaling factor f = 5.5, this corresponds to a central black hole
mass of MBH = 190± 96× 106 M�, consistent with the value of 195± 44× 106 M�
derived via spectroscopic reverberation mapping by Peterson et al. (2004).

Already in the 1970s and 1980s, numerous studies revealed that the Hβ line pro-
file of Ark120 is strongly variable and exhibits two peaks in the rms spectra and a
prominent red wing, which is present neither in Hα nor in Hγ (Fig. 16). As discussed
by Doroshenko et al. (1999), the BLR of Ark120 may show accretion inflows in addi-
tion to the virialized motion, and therefore any black hole mass estimates should be
considered with some reservation.

3C120

Using the velocity dispersion (with 25% uncertainty adopted, i.e. σline = (1264 ±
316) km/s) and our rest frame time lag τ = 23.6 days, the virial black hole mass
is Mvirial = (10.4 ± 5.3) × 106 M�. This is consistent with the result of Mvirial =
(10± 5)× 106 M�, derived via spectroscopic reverberation mapping by Peterson et al.
(2004) and the more recent value of Mvirial = (12± 1)× 106 M�, as derived by Grier
et al. (2012a), also from a spectroscopic monitoring campaign. Our result for the cen-
tral black hole mass is then MBH = (57± 29)× 106 M�.

ESO 374-G25

From the ESO 374-G25 lightcurve, we adopt τ = 11.1± 2.6 days of the epoch in 2012,
corresponding to our spectroscopic follow-up observation with the SALT telescope
(see section 3.5.1). From the spectra we obtained a Hα velocity dispersion of σv =
(2190± 550)km/s (Section 3.4.4). This yields a virial black hole mass of MBH = (10.4±
5.7) × 106 M�. Assuming the scaling factor f = 5.5 the central black hole mass is
MBH = (57± 32)× 106 M�.

3.5.3 Host-subtracted AGN luminosity

To determine the AGN luminosity free of host galaxy contributions, we applied the
flux variation gradient (FVG) method proposed by Choloniewski (1981). In this method
the B and V data points obtained in the same night through the same apertures are
plotted in a B-flux versus V-flux diagram. Fluxes (e.g. in units of mJy) are plotted
and not magnitudes. The important feature is that the flux variations follow a linear
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relation with a slope ΓBV given by the host-free AGN continuum (e.g. Choloniewski
1981, Winkler et al. 1992 and Winkler 1997).

In the flux-flux diagram the host galaxy – including the contribution of line emis-
sion from the NLR – lies on the AGN slope somewhere toward its fainter end. This
has been demonstrated for a sample of 11 nearby AGN (containing 3C120 but not
ESO 374-G25, PG0003+199 and Ark120) by Sakata et al. (2010), using monitoring data
in combination with Hubble Space Telescope and multi band ground-based images
from the MAGNUM telescope. For an 8.′′3 aperture, they derived host galaxy colors in
the range 0.8 < B− V < 1.1 (their Table 6), which agree with the typical colors of a
bulge or an elliptical galaxy. This color range corresponds to a host slope in the range
0.4 < Γhost

BV < 0.53. The contribution of the NLR emission lines to the B and V bands
is less than 10% of the host flux and has a similar color as the host galaxy (cf. Tables 6

and 8 of Sakata et al. (2010)). We note that dust enshrouded nuclear starbursts, which
often accompany the AGN phenomenon, have red colors (B−V ∼ 1). They would be
unresolved on HST images and could explain the small deviations of the host position
from the AGN slope found in three cases by Sakata et al. (2010). Therefore, by host we
here denote the host galaxy including NLR AGN lines and starbursts.

The host slopes pass through the origin. Because the host slopes are flatter than
typical AGN slopes (ΓBV ∼ 1), the intersection of the two slopes should occur in a well
defined range. Winkler et al. (1992) showed for NGC 3783 that this intersection range
allows one to determine the host flux contribution and to calculate a host-subtracted
AGN luminosity at the time of the monitoring campaign – even without the need
for high spatial resolution images. In the following Subsections, we will present our
results of the FVG analysis, applied to our lightcurves.

PG0003

During our monitoring campaign of PG0003+199 in August through November 2009,
we obtained only B fluxes, but we have three data points at hand for the B versus V
flux-flux diagram as shown in Fig. 39. All data are corrected for galactic foreground
extinction (Table 1). That PG0003+199 was much brighter in 1979 (McAlary et al. 1983)
than in 2009-2011 allows us to achieve a linear least-squares fit to the data points with
sufficient accuracy. The fit yields an AGN slope ΓBV = 1.20± 0.04. This slope is at the
steep end, but within the range determined by Winkler et al. (1992) for other type-1
AGN.

To check the slope of PG0003+199 further, we searched in the NASA Extragalactic
Database (NED) and found two more B and V data points taken with comparable
apertures, one with 15.′′7 by McAlary et al. (1983) and one with 14.′′0 by Elvis et al.
(1994). These (extinction corrected) data points are displaced to the right of the 7.′′8
slope in Fig. 39, because they contain additional host emission from the extended
disk which is redder than the AGN emission. These two data points yield a slope of
ΓBV = 1.25± 0.04. The consistency of ΓBV derived from two independent data sets
corroborates the steep AGN slope of PG0003+199.

The range of host slopes (0.4 < Γhost
BV < 0.53) is taken from Sakata et al. (2010),

corresponding to their colors 0.8 < B−V < 1.1 in their Table 6. The intersection area
of the AGN and host slopes defines the host flux. Averaging over the intersection area
yields a mean host flux of (2.16± 0.29) mJy in B and (4.56± 0.30) mJy in V.

During our monitoring campaign, the total B fluxes lay in the range between
5.69 mJy and 6.78 mJy with a mean of (6.24 ± 0.31) mJy. To derive the contempora-
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Figure 39: B versus V fluxes of PG0003+199, measured in a 7.′′8 aperture (black dots). Errors
are within the size of the symbols. A linear least-squares fit to the three data points
yields the range for the AGN slope plotted by the two steep lines. This slope is
corroborated by the slope (dashed line) obtained with larger apertures 14” (Elvis
et al. 1994) and 15.′′7 (McAlary et al. 1983). The range of host slopes plotted by the
two shallow lines is taken from Sakata et al. (2010). The intersection area of the
AGN and host slopes (red shaded) defines the host contribution. The blue shaded
area marks the intersection of the AGN slope with the range of B fluxes during our
Aug-Nov 2009 monitoring campaign. This area allows us to infer the range of V
fluxes during the monitoring campaign. The vertical dotted line marks the host flux
found in an aperture of 5”× 7.′′6 via modeling of HST F550M images by Bentz et al.
(2009a). All data are corrected for galactic foreground extinction.

neous 5100Å AGN luminosity, which is widely used in reverberation studies, we tried
to extrapolate the host-subtracted B fluxes to restframe 5100Å fluxes, using a power-
law spectral shape (Fν ∝ να) with α constrained by ΓBV . But this extrapolation results
in large uncertainties, because α is sensitive to errors in ΓBV . Therefore we applied the
following procedure, inferring the V flux range in a first step.

During our monitoring campaign, the V fluxes should lie in the intersection area
of the B flux range with the AGN slope (Fig. 39). That the data point from June 2011

lies in this area supports our suggestion. From this area we infer the V fluxes during
the monitoring campaign, yielding a mean f V = (7.95± 0.31) mJy.

Then, during our monitoring campaign the host-subtracted AGN fluxes are in
the range (4.08± 0.43) mJy in B and (3.39± 0.40) mJy in V. From this range we in-
terpolate the host-subtracted AGN flux of PG0003+199 at restframe 5100Å F5100 =
(3.52± 0.41) mJy, adopting for the interpolation that the AGN has a power-law spectral
energy distribution (Fν ∝ να) analogous as above. To determine the errors on F5100, we
interpolated between the 1-σ borders of the flux values too. This means F5100 between
fB + σ and fV + σ as well as between fB − σ and fV − σ. At the distance of 112.6 Mpc
this yields a host-subtracted AGN luminosity L5100 = (3.13± 0.36)× 1043 erg s−1. The
12% uncertainty includes the measurement errors, the uncertainty of the AGN and
host slopes, and the AGN variations.
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The AGN luminosity during our campaign derived with the FVG method is about
a factor of two lower than the value L5100 = (6.03± 0.03)× 1043 erg s−1 derived with
host galaxy modeling by Bentz et al. (2009a) for the data of the spectroscopic monitor-
ing campaign (Peterson et al. 1998a). To understand this difference, we compared
the numbers given in Bentz et al. (their Tables 7-9) with ours. Our aperture area
(7.′′8 in diameter) is only 25% larger than that of Peterson’s campaign (5” × 7.′′6),
and the additional flux from the outer region is negligible (Fig. 3 in Bentz et al.
2009a). The total observed (not extinction corrected) fluxes F5100 are similar at 7.83×
10−15erg s−1 cm−2 Å−1 for our campaign and 7.68− 8.81× 10−15erg s−1 cm−2 Å−1 for
Peterson’s campaign. The main difference, however, lies in the estimate of the host con-
tribution. Already in the early stage of the HST image decomposition with GALFIT,
the Bentz et al. host flux ( fV,host ∼ F550M = 1.88 × 10−15erg s−1 cm−2 Å−1) corre-
sponds after extinction correction to 2.12 mJy, which is more than a factor two smaller
than our fV,host = 4.56 mJy.

As illustrated in Fig. 39, it is hard to bring the small host flux from GALFIT mod-
eling into agreement with the available FVG data. Firstly, we consider whether the
discrepancy may be caused by failures in the FVG method. We find the following:

1. Altering the assumptions on the host slope does not bring the host contributions
into agreement.

2. Although the AGN slope is determined by only a few data points, the wide
flux range, which allows for a good slope determination, and the consistency
between the AGN slope determined with apertures of 7.′′8 and ∼ 15” argues in
favor of a steep AGN slope.

3. The correction for galactic foreground extinction may introduce errors in the
AGN slope. However, the foreground extinction is relatively low (Table 1), and
even without correcting for foreground extinction, the AGN slope remains steep
(ΓBV = 1.16± 0.05), resulting in fV,host = (4.2± 0.3) mJy, hence about twice the
GALFIT host value.

4. If the host flux from GALFIT modeling were correct, then at low luminosity
the AGN slope (of PG0003+199) would show a strong curvature towards redder
colors, contradicting the results by Sakata et al. (2010) where the host galaxy lies
on the linear extension of the AGN slope.

These four arguments lead us to conclude that the discrepancy between GALFIT and
FVG host fluxes is not caused by errors in the FVG method alone. On the other hand,
looking for potential error sources in the GALFIT method, it could be that a large
fraction of the bulge and/or nuclear starbursts of PG0003+199 is unresolved on the
HST images and therefore underestimated by the GALFIT modeling. Future data may
clarify this issue.

Ark120

To separate AGN and host luminosity contributions, we applied the flux variation
gradient method (Choloniewski 1981). Figure 40 shows the B versus V fluxes of
Ark120, corrected for galactic foreground extinction (Schlegel et al. 1998). A linear
least-squares fit to the flux variations yields ΓBV = 1.19 ± 0.06, consistent with the
ΓBV = 1.20± 0.10 found by Winkler et al. (1992), using 20” aperture and adopting
EB−V = 0.1, and with the ΓBV = 1.22± 0.02 found by Doroshenko et al. (2008), af-
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Figure 40: B versus V fluxes of Ark120, measured in a 7.′′5 aperture. The fluxes for each night

(fat dots) follow a linear gradient yielding the range for the AGN slope. As host
slope we adopted the range found by Sakata et al. (2010). The intersection of the
two slopes (red shaded area) defines the host flux. The vertical dotted line marks
the host flux found in an aperture of 5”× 7.′′6 via modeling of HST F550M images
by Bentz et al. (2009a). All data are corrected for galactic foreground extinction.

ter correcting the values in their Table 3 for extinction7. The range of host slopes is
taken from Sakata et al. (2010). The intersection area of the AGN and host slopes
defines the host contribution. Averaging over the intersection area yields a mean
host flux of fB = (4.26 ± 0.59) mJy and fV = (9.02 ± 0.62) mJy. Our host fluxes
(in a 7.′′5 aperture) are consistent, albeit a bit high, when compared with the values
fB ≈ 4.5 mJy and fV ≈ 9 mJy (in a 15” aperture) from a FVG analysis of UBVRI data
(Doroshenko et al. 2008). Subtracting our host fluxes from the total fluxes, we obtain
the host-subtracted B and V fluxes and then by power-law interpolation the rest-frame
AGN flux f5100 = (9.41± 0.86) mJy. At the distance of 141.8 Mpc, this yields a host-
subtracted AGN luminosity L5100 = (13.27± 1.21)× 1043 erg s−1. The uncertainty of
the AGN luminosity is less than 10%.

The AGN luminosity during our campaign as derived with the FVG method is
about 50% higher than the mean value L5100 = (8.47± 0.81) × 1043 erg s−1 derived
with host galaxy modeling by Bentz et al. (2009a) for the data of the spectroscopic
monitoring campaign (Peterson et al. 1998a). A detailed comparison of the parame-
ters yields an aperture area (7.′′5 in diameter) that is only 16% larger than that of Peter-
son’s campaign (5”× 7.′′6), and the V band host fluxes agree within the uncertainties as
shown in Fig. 40 (extinction-corrected: fV ≈ 9 mJy from our data and F550M ≈ 10 mJy
from the HST/spectroscopic data base). However, the total observed (not extinction
corrected) fluxes F5100 differ significantly at 13.4× 10−15 erg s−1 cm−2 Å−1 for our cam-
paign and lying in the range 7.82− 10.37× 10−15 erg s−1 cm−2 Å−1 during Peterson’s
eight-year campaign, hence are 30% – 70% larger in our campaign. This leads us to
conclude that the AGN luminosity is ∼ 50% higher during our campaign.

7 Because of a typo the value V = 14.27 mag in this table should be V = 14.72 mag to be consistent with
the plotted values in their Fig. 4.
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3C120

The total flux (AGN+Host) contains a contribution from the emission lines originating
in the narrow line region (NLR). However, this contribution is less than 10% of the host
galaxy flux in the B and V band (Sakata et al. 2010). We here denote the host galaxy
including the NLR lines. The AGN fluxes have been corrected for galactic foreground
extinction according to Schlegel et al. (1998).

We have plotted B and V total fluxes obtained during the same nights and through
the same aperture in a flux-flux diagram. Figure 41 represents such a diagram. Again,
the host color range is taken from Sakata et al. (2010) and drawn from the origin
of ordinates (dashed lines). For the varying AGN flux (black dots), we use the OLS
bisector linear regression in order to determine a range of possible AGN colors (solid
thin lines). This regression yields a linear gradient of ΓBV = 1.12± 0.04. The result is
consistent, within the uncertainties, with ΓBV = 1.11± 0.02 determined by Sakata et al.
(2010) and ΓBV = 1.02± 0.07 obtained by Winkler (1997).

The cross-section of the host and AGN slope allows us now to split the superpo-
sition of fluxes in both filters. Averaging over the intersection area between the AGN
and the host galaxy slopes, we obtain a mean host galaxy flux of 2.17± 0.33 mJy in
B and (4.58 ± 0.40) mJy in V. Our host galaxy flux derived with the FVG method
is consistent with the values fB ≈ 2.10 mJy and fV ≈ 4.73 mJy obtained by Sakata
et al. (2010), considering the flux contribution of the narrow lines ([O III] 4959, 5007 Å,
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Figure 41: B versus V band FVG diagram of 3C120. The solid lines represent the bisector
regression model and yields the range of the AGN slope. The dashed lines indicates
the host galaxy flux contribution determined by Sakata et al. (2010). The intersection
between the host galaxy and AGN slope (red area) gives the host galaxy flux in both
bands. The vertical dotted lines show the host flux determined by Bentz et al. (2006)
and Bentz et al. (2009a) respectively. While the solid line show the results obtained
by Sakata et al. (2010). The dash-dotted blue lines represent the range of the AGN
flux in both filters. Fluxes (black dots) were measured in a 7.′′5 aperture photometry
and corrected for galactic foreground extinction.
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Hβ, Hγ) in each filter (his Table 8). We have also compared our results with those
obtained by Bentz et al. (2006) and Bentz et al. (2009a) through modeling of the host
galaxy profile (GALFIT, Peng et al. 2002) from the high-resolution HST images. On the
nucleus-free image and through an aperture of 5”× 7.′′6, Bentz et al. (2006) determined
a rest-frame 5100 Åhost-flux F5100 =1.82× 10−15erg s−1 cm−2 Å−1. Using the color term
factor from the HST-F550M filter to 5100 Å (their Table 3) we deduced the flux for the
F550M filter to be FF550M =1.74× 10−15 erg s−1 cm−2 Å−1 and which corresponds after
extinction correction to 4.62 mJy. Moreover, considering the contribution of the nar-
row lines in the V band (1.235 mJy), determined by Sakata et al. (2010), the previous
value translates to 5.86 mJy.

In a subsequent investigation, Bentz et al. (2009a) determined a host galaxy flux
of 0.78 × 10−15 erg s−1 cm−2 Å−1, which after extinction correction and adding the
contribution of the narrow lines yield a value of 3.31 mJy.

The difference between the two results lies mainly in the type of model used for
the decomposition of the galaxy, which was a first step considering general Sersic
function for modeling bulges (Bentz et al. 2006) and in a second step performing the
modeling with variations and improvements to the original profile (Bentz et al. 2009a).
Our value ( fV,host = 4.58 mJy) falls exactly in the middle of both values, suggesting
that our determination is consistent, within the error margins, with those determined
by Bentz et al. (2009b).

Also we should note that 3C120 together with another three objects (which showed
larger residuals in the results obtained through the surface brightness fitting of the
MAGNUM V band images (Figure 17, Sakata et al. 2010) in comparison to the results
obtained for the HST images (Figure 14, Sakata et al. 2010 and Figure 3, Bentz et al.
2009a). This might suggest an possible overestimation in the value determined by
Sakata et al. (2010). On the other hand, Bentz et al. (2009a) mentioned a possible
underestimation for the final brightness of each host galaxy, which could be caused
by the attribution of more flux to the sky background and PSF components in the
model.

Taking account of our aperture area (7.′′5 in diameter), which is only 16% larger
than that of Peterson’s campaign (5”× 7.′′6) and considering that additional bandpass
conversion factor between the HST-F550M filter and our Johnson V filter could in-
crease the Bentz et al. (2009a) flux by about 10%, is highly plausible that the most
contemporaneous value provided by Bentz et al. (2009a) could be underestimated.
The results obtained by Bentz et al. (2009a) and Sakata et al. (2010) are plotted for
comparison in Figure. 41.

The AGN fluxes at the time of our monitoring can be determined by subtracting
the host galaxy fluxes from the total fluxes. During our monitoring campaign, the total
B fluxes lay in the range between 5.81 and 8.39 mJy with a mean of (7.02± 0.11) mJy.
The total V fluxes lay in the range between 8.17 and 10.38 mJy with a mean (9.27±
0.11) mJy.

Again we adopt an interpolation that the AGN has a power law SED (Fν ∝ να),
between effective frequencies in the B and V bands respectively. The error was de-
termined by a linear interpolation between the ranges of the AGN fluxes ±σ in both
filters, as performed above.

To determine the luminosity, we used the distance of 145 Mpc (Bentz et al. 2009a).
This yields LAGN = (6.94± 0.71)× 1043erg s−1. The AGN luminosity during our cam-
paign is about half the mean value of (12.40± 2.6)× 1043erg s−1 found by Bentz et al.
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(2009a) and slightly lower than the value (9± 1) × 1043erg s−1 found by Grier et al.
(2012a).

ESO 374-G25

First, in Figure 42 (left) we show the FVG diagram for different apertures that have
been used to extract flux around the nucleus of ESO 374-G25 with correction for galac-
tic foreground extinction (Schlegel et al. 1998). Using a very small aperture of 5.′′0, a
big fraction of the total flux is lost. In this case nonetheless, we should expect a higher
nuclear fraction in the remaining flux. As the AGN variation (Fig. 42, right) follows a
clearly bluer slope than the host range by Sakata et al. (2010), we expect the datapoints
to lie more clearly above the host range. The fact that this is not seen in our data (and
the points even disperse down the lower limit of the host range using the 5.′′0 aperture
in Fig. 42, left), allows us to conclude two potentially coexisting scenarios:

• The host galaxy, close to the nucleus, must be exceptionally red, while the AGN
shows low flux variation relative to its average luminosity.

• The AGN could be intrinsically weak compared to its host, but showing an
extreme relative variation.

In Barway et al. (2005), we can see examples of galaxies with similar properties and
in every case, a ring structure turns out to be bluer than the bulge-like center of
the galaxy. Considering this, the true host slope in our FVG diagram will not be
linear as the dashed lines suggests. In fact, it will rise until our biggest aperture of
25.′′0 that is covering parts of the outer ring (reminding Fig. 10 above in Sect. 3.1).
This potential offset towards bluer colors of the 25.′′0 fluxes can be seen if Fig. 42,
left. Additionally, the bigger scatter here is a systematic effect, introduced by different
atmospheric transmission, seeing and wind. These environmental conditions influence
the low surface brightness (e.g. strong winds and seeing are driving flux of the nucleus
out of the small aperture).

Selecting a 7.′′5 aperture around the nucleus delivers the lowest absolute scatter for
the fluxes. Thus, we use this aperture to obtain an estimate for the AGN luminosity.
The 7.′′5 aperture flux variation is shown in Fig. 42 (right).

Now we calculate the host flux contribution using the lower boundary of host-
slopes from Sakata et al. (2010). During the monitoring campaign, the averages of the
total fluxes have been fV = (2.11± 0.03) mJy and fB = (1.06± 0.04) mJy. These fluxes
are represented by the blue solid lines in Fig. 42, right.

According to Isobe et al. (1990), the preferred fitting algorithm is the ordinary
least squares (OLS) bisector method. This is using the average angle between the
OLS(X|Y) (x-distance least square) OLS(X|Y) (y-distance least square) and has proven
itself to be the most reliable tracer of the underlying relation. The result is a slope of
ΓBV = 1.33± 0.22. This is quite steep but not uncommon, when compared to the other
type-1 AGN, as determined by Winkler et al. (1992).

The difficult task is now to determine the host contribution in the 7.′′5 aperture.
As mentioned before, the flux variation, although being steep, is ranging (almost com-
pletely) inside the cone spanned by the host color slopes of Sakata et al. (2010) (dashed
black lines in Fig. 42). The most reasonable assumption, in a physical sense, is that the
host close to the nucleus is very red, otherwise the relative nuclear variations would be
unrealistically big. Hence, we will assume the Sakata’s lower red slope of Γhost

BV = 0.4
for the host color and take the intersection with the AGN slope as host contribution.
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Figure 42: B versus V flux variations of ESO 374-G25, plotted together with the host slope
estimates, adapted from Sakata et al. (2010). Left: Comparison of different apertures,
used for the photometric extraction of the flux. Right: Flux variations measured in
the 7.′′5 aperture. The black lines indicate the OLS bisector fit result of the datapoints.
The blue lines mark the average fluxes measured, while the red lines designate the
estimated host fluxes estimated from the lower boundary of Sakata’s host range.
Flux errors are within the size of the symbols. All fluxes are corrected for galactic
foreground extinction according to Schlegel et al. (1998).

The intersection is marked in Fig. 42 with red solid lines. This results in an estimate of
the AGN flux of fV,AGN = 0.23 mJy and fB,AGN = 0.31 mJy with corresponding host
fluxes of fV,host = 1.88 mJy and fB,host = 0.75 mJy. For the further analysis, we will
assume 50% relative errors for these fluxes.

From this range we interpolate the host-subtracted monochromatic AGN flux F5100,
adopting for the interpolation that the AGN has a power-law spectral energy distribu-
tion (Fν ∝ να) between the determined B and V band fluxes.

At the distance of 103 Mpc this yields a host-subtracted AGN luminosity L5100 =
(1.85± 0.93)× 1042 erg s−1. The large uncertainty includes the conservative 50% uncer-
tainty of the AGN flux separation, the measurement errors and the standard deviation
of the AGN flux variations.

3.5.4 The BLR size – Luminosity relationship

An important result from spectroscopic reverberation mapping is the relationship be-
tween the BLR size and the nuclear luminosity RBLR ∝ Lα with a predicted slope of
α = 0.5 (Netzer 1990; Netzer and Marziani 2010). This relationship allows one to de-
rive the virial black hole mass for high-redshift AGN from single-epoch spectra by
inferring RBLR from L (e.g. Vestergaard 2002; Netzer 2003, McLure and Dunlop 2004).
While early observations indicated α = 0.6± 0.1 (Kaspi et al. 2000, 2005), for Hβ line
and 5100 Å luminosity a recent analysis including host galaxy subtraction yields
α = 0.519± 0.063 (Bentz et al. 2009a). The true slope of the current RBLR − L relation-
ship depends also on the adopted cosmology, because the more luminous sources are
at higher redshift than the low-luminosity AGN. Here we adopt H0 = 73 kms−1Mpc−1,
Ωm = 0.27 and Ωλ = 0.73.
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The current RBLR− L relationship exhibits a large scatter about an order of magni-
tude in both RBLR and L, and many objects have large error bars (see Fig. 43). The new
photometric reverberation measurements shift the position of 3C120, PG0003+199 and
Ark120 in this diagram outside the quoted error range of the previous positions. Since
we measure all parameters in a different epoch than the literature values, this is not
surprising, because the optimally-emitting BLR region is quick to adapt to changes of
L (Baldwin et al. 1995). But notably, the shift seen in the Figure is generally higher in L
than in RBLR. The new positions of PG0003 and Ark120 are about 50% closer to the re-
lationship fitted by Bentz et al. (2009a), while 3C120 moved almost parallel to its slope
with respect to the newly measured values by Grier et al. (2012a), but also considering
the result obtained in 2008 by Bentz et al. (2009a) (green box in Fig. 43). However,
the older result has a noticeably bigger scatter in the time lag estimate. Nonetheless,
this is demonstrating that the optimally-emitting BLR cloud’s distance scales with the
nuclear luminosity according to photoionization physics.

The new result for ESO 374-G25 lies left above the relationship. On the one hand,
this may be caused by an incorrect estimation of the host to AGN flux contribution in

Figure 43: RBLR − L relationship from data of Bentz et al. (2009a) (black dots) and fit with
a slope α = 0.519 (dashed line). The diagram is zoomed to contain the objects
presented in this work (blue dots). The red arrows show the shifts from the previous
literature values to our newly determined ones. The red arrow of 3C120 is drawn
from the value (black square) obtained by Grier et al. (2012a) and is parallel to
the regression slope. There is another older result of 3C120 by Bentz et al. (2009a),
highlighted with a green square.
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our FVG diagram (Fig. 42 in Sect. 3.5.3). As argued before, it is possible that the host
galaxy bulge in vicinity to the AGN is even redder than the lower slope ΓBV = 0.53
of Sakata et al. (2010). On the other hand, our measured τrest may be too high. This
can be explained by the fact that we were only equipped with filters that are narrower
than the actual Hα line, especially with the [S II] filter, we had to use most of the time
(see the convolution of this filter with the line profile in Fig. 20).

Concluding, this suggests that well-sampled reverberation data and improved
host-free AGN luminosities may reduce the scatter of the RBLR − L relationship. Cer-
tainly, a true scatter may remain, simply because AGN are complicated objects and the
RBLR determination depends on the continuum variability pattern and the geometry
of the BLR that produces the line echo.

3.6 conclusion and outlook

While spectroscopic reverberation mapping is the only way to explore the details of
the innermost AGN structure and kinematics of the BLR (e.g. Kollatschny 2003a,b; Kol-
latschny and Zetzl 2011), the advantage of photometric reverberation mapping with
suitable filters is to efficiently measure BLR sizes and host-subtracted luminosities for
large AGN and quasar samples – even with small telescopes. Photometric broad- and
narrow band monitoring of a sample of 100 quasars (V < 18 mag) can be performed
with 1-m telescopes in an equivalent to three years observing time.

The data, as presented in this work is novel for all four objects; of course for
ESO 374-G25, of which the BLR size has never been measured before. For the other
three sources this statement can be justified, because our lightcurves were recorded in
different epochs, where the AGN luminosities have apparently changed. Our results
(overview in Table 3) can be summarized as follows.

• For ESO 374-G25, we could determine a rest-frame Hα lag of τrest = 11.1± 2.6
days from a DCF analysis (Edelson and Krolik 1988) together with a nuclear lu-
minosity of LAGN = (1.85± 0.93)× 1042 erg s−1 obtained from the FVG analysis
(Choloniewski 1981; Winkler et al. 1992). From spectroscopy we can determine
a Hα line dispersion of σ = (2190± 550) km/s (Section 3.4.4). This allows us to
calculate a virial black hole mass of Mvirial = (10.4± 5.7)× 106 M�.

• For PG0003+199 we could determine an average Hα BLR lag of τrest = (20.0±
2.4) days. With the line dispersion of (870± 220) km/s, we derive a virial black
hole mass of Mvirial = (3.0± 1.5)× 106 M�. Compared to previous spectroscopic
RM studies, the position in the RBLR − L diagram is now closer to the expected
a = 0.5 than in Bentz et al. (2009a).

• Ark120 has an average Hβ lag of τrest = (46.5 ± 3.25) days. Combined with
the line dispersion of σ = (1950± 490) km/s Mvirial = (35± 17)× 106 M�. The
position in the RBLR − L diagram is now also closer to the expected a = 0.5 with
respect to the result of Bentz et al. (2009a).

• For 3C120, we could determine a Hβ lag of τrest = (23.6 ± 1.69) days and a
nuclear luminosity of LAGN = (6.94± 0.71) × 1043 erg s−1. As result with the
highest precision (see Fig. 43), 3C120 was traveling to higher luminosities in
Grier et al. (2012a) on a parallel path to the α = 0.519 slope. Due to the quick
adaption of the BLR emission distance to L, our measurements agree very well
with Grier et al. (2012a). This demonstrates impressively that photometric RM, as
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performed with a 15 cm refractor telescope is well competitive to spectroscopic
RM performed on a 1.3 m mirror telescope (McGraw-Hill telescope on Kitt Peak,
as used by Grier et al. 2012a). With a single epoch spectrum, for Hβ, we obtain
σ = (1264 ± 316) km/s. The virial black hole mass is then Mvirial = (10.4 ±
5.3)× 106M�.

In the cases of Ark120 (ESO 374-G25), the Hβ (Hα) line contributes to only 50% of the
flux in the narrow band pass we used. This suggests that photometric reverberation
mapping of emission line lags works even for broader bands, as long as the line con-
tributes at least 50% to the band pass. Also, it is worthwhile testing the method even
for weaker emission lines contributing less than 50% to the band pass. The upcom-
ing Large Synoptic Survey Telescope (LSST) is equipped with six broad band filters
and will discover thousands of variable AGN. The Hα line is shifted into the i′ and z′

bands at z ≈ 0.16 and z ≈ 0.38, respectively, and may be strong enough to contribute
about 50% to these broad bands. While an approximate photometric redshift may be
sufficient to determine the filter that contains the Hα line, it is desirable to take a
spectrum of the AGN, in order to measure an accurate redshift, also for luminosity
determination, and the line dispersion for black hole mass estimates. To determine
the Hα line lag, the neighboring filters, which are largely free of line emission, may
be used to interpolate and remove the continuum variations underneath the Hα line,
much like what we did for Ark120.

Recently, an interesting statistical alternative to our method has been proposed by
Chelouche and Daniel (2012), which is specifically designed for large samples of AGN
light curves expected to be obtained with the LSST. Consider AGN light curves in
two band passes, curve X (tracing the continuum largely free of emission lines) and
curve Y (tracing the emission line with underlying continuum): While our approach
aimed to remove the continuum contribution from curve Y by subtracting a scaled X
curve, Chelouche & Daniel propose to use the light curves X and Y unchanged, and
to subtract the autocorrelation of X from the cross correlation of X and Y, in order
to determine the line lag. Numerical simulations with synthetic AGN light curves
and the treatment of four archival PG quasar light curves yield lags that are (in three
out of four cases) consistent with spectroscopic results. However, the reported lag
uncertainties of individual AGN are large (∼ 50%), and only for averages of large
ensembles of several hundred AGN does the obtained lag appear satisfying. Future
optimization, which combine our approach with that of Chelouche & Daniel, would
be intriguing.

Finally we outline a modification of the proposals by Elvis and Karovska (2002)
and Horne et al. (2003) for determining quasar distances from reverberation data,
hence probing dark energy. The luminosity difference between the open Einstein –
de Sitter cosmology (ΩM = 0.2, ΩΛ = 0) and the concordance cosmology (ΩM =
0.3, ΩΛ = 0.7) is 20%–30% at redshift 0.4 < z < 0.8 (Riess et al. 1998). From the
RBLR − L relationship we conclude that two quasar samples with the same RBLR dis-
tribution, one sample at low redshift and one sample at high redshift, should have
the same intrinsic L distribution. Thus one may constrain the luminosity for different
cosmologies by measuring the BLR size and the host-subtracted brightness of quasar
samples at different redshifts. If for objects matching in RBLR the true scatter in L can
be reduced to about a factor 2 (= 200%), the mean luminosity of 1000 quasars may
be determined with a statistical accuracy of 200%/

√
1000 = 6%, enabling a 3σ – 5σ

detection of a cosmological 20% – 30% luminosity difference.
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F I N D I N G M E G A M A S E R C A N D I D A T E S

In this Chapter, we revisit the connection between maser detection rate and nuclear ob-
scuration by using the strength of the [O IV] 25.9µm emission line (for short [O IV]) as
tracer for the intrinsic AGN strength. [O IV] has been found to be largely unaffected by
obscuration (e.g., Genzel et al. 1998, Haas et al. 2005, Meléndez et al. 2008a, Baum et al.
2010). We combine the strategies of Bassani et al. (1999) and Meléndez et al. (2008a).
The observed X-ray (2-10 keV) flux normalized by [O IV] should provide information
about X-ray absorption, even in the case of X-ray scattering caused by a complex ge-
ometry or for Compton thick cases. We compare the distribution of X-ray / [O IV] for
masers and non-masers. In addition, after normalization of the 7 µm flux by [O IV],
we inspect the relation between maser detection rate and the absorption of the 7 µm
dust continuum emitted from the nuclear torus, as well as maser detection and the
absorption of the [O III] 5007Å emission from the central part of the NLR. The results
of this study have already been published in Ramolla et al. (2011).

4.1 sample selection and data

Now we will present our selection criteria, based on different catalogs. Then we ex-
plain the data properties with respect to the maser information and our [O IV] and
7 µm measurements.

4.1.1 The parent sample

At first glance, one could take all known masers and non-masers from the literature
and compare their properties, such as LX / L[O IV]. However, to determine nuclear ob-
scuration, one also needs to know the range of LX / L[O IV] for unobscured (preferen-
tially Sy1) sources, which should comprise a complete sample free of any selection
bias. However, the selection of Seyferts for which a maser search has been performed
has not followed any clear criteria. Even worse, most maser searches have been per-
formed on Sy2s, but only a small number on Sy1s. Because incomplete sample selec-
tion may influence the results, we decided to start with complete Seyfert catalogs with
well-defined selection criteria. We created a master sample from the following three
catalogs, consisting of a total of 163 sources:

• The magnitude-limited complete sample of the CfA Redshift Survey by Huchra
and Burg (1992), which was supplied with updated Seyfert-type information
from the NED database.

• The 12µm active galaxy sample by Spinoglio and Malkan (1989), complemented
by that of Rush and Malkan (1993).

• The IRAS F25/F60 flux-ratio selected sample by de Grijp et al. (1992), as refined
by Schmitt et al. (2003).

Table 4 documents how the 163 sources are distributed over the three catalogs, and
how these catalogs match or complement each other. In general, we present the results
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for the combined sample, but – where necessary – also for the catalogs individually
(Tab. 5).

In Section 4.2.4, we discuss potential differences between the three samples and
our combined sample and all other known masers outside it. The Spitzer data archive
contains IRS spectra (at ∼ 26µm) for 126 of the 163 sources classified as Seyferts
according to the NED. This data is listed in Tab. 6. It covers the complete CfA-sample
of 54 Seyfert Galaxies. It includes 107 of 118 Seyferts (two blazars included as Sy1)
from the 12µm selected sample. For the IRAS sample, we found useful IRS spectra for
34 of 60 sources.

4.1.2 Maser information

The parent sample of 126 sources with Spitzer spectra was searched for known maser-
detections and non-detections. For this purpose, we used the lists compiled by Ben-
nert et al. (2009) and those on the website of the Hubble constant Maser Experiment
(HoME)1.

This search results in 18 masers (3 Sy1s, 15 Sy2s), 96 non-masers (36 Sy1s, 60 Sy2s),
and 12 sources (10 Sy1s, 2 Sy2s) for which no maser search has yet been performed
(henceforth called maser-unknown). The results are listed in Tab. 6, Col. 2.

4.1.3 [O IV] line and 7µm continuum flux

Our analysis is based on public archival IRS spectra of Seyfert galaxies. We used
the post-basic-calibration data (PBCD), reduced by the Spitzer Science Center’s (SSC)
pipeline. This included droop-, stray-light-, cross-talk- and saturation correction, dark
subtraction, flatfielding and coaddition.

Where possible, IRS high resolution spectra with R ∼ 600 were chosen, to avoid
the contamination of [O IV]25.89 µm by the neighboring [Fe II]25.99 µm emission line. If
high resolution spectra were not available, the low-resolution spectra were used, after
a background subtraction had been performed by the SSC pipeline.

For the high resolution data collected with the shorter (4.7 x 11.3 and 11.1 x 22.3
arcsec) slits, separate background observations had to be chosen to evaluate the back-
ground contribution. This data reduction steps were performed in Ramolla (2009) and
will not be detailed here again. In short it was performed by comparing the back-
ground with the source fluxes at the presumably weakest part of the source spectrum
in the 9 and 10µm rest frame; with the result that the background contribution is
negligible compared to the conservatively assumed flux calibration errors of 15%. The
resulting errors are calculated from an assumed 15% flux calibration error and the
error in the line-fitting routine.

The [O IV] flux was extracted by fitting a simple spectral model to a wavelength
window of ∼ 0.3 µm around the [O IV] line. This model consists of a linear base, con-
volved with Gaussian profiles that also include the neighboring [Fe II] line. No [O IV]
aperture corrections had to be applied, because for both, high- and low-resolution
data, the slit apertures cover an area larger than the expected size of the NLR, as esti-

1 http://www.cfa.harvard.edu/∼lincoln/demo/HoME/surveys/survey.html compiled from Becker et al. (1993); Braatz (2008); Braatz and Gugliucci (2008);
Braatz et al. (1996, 2003, 2004); Claussen and Lo (1986); Greenhill et al. (1990, 1995, 1997, 2002); Hagiwara et al. (2002, 2003); Haschick and Baan (1985);
Henkel (2008); Henkel et al. (1984, 1986, 1998, 2005); Kondratko et al. (2006a,b); Nakai et al. (1995); Sato et al. (2005); Zhang et al. (2006)
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mated from the relationship2 of [O III] luminosity to NLR size, found by Bennert et al.
(2002).

We calculated the 7.6 µm (henceforth for short 7 µm) continuum flux from the
background-subtracted IRS low-resolution spectra. We used a modified version of the
PAHFIT code by Smith et al. (2007), which estimated the continuum in the 5 to 11.8 µm
branch. As suggested by Smith and Draine (2008), we did not correct the continuum
fit for the silicate feature at 9.7 µm. The 7 µm continuum flux was then calculated
from the PAH flux and the equivalent width of the features at 7.4 µm, 7.6 µm, and
7.8 µm . The uncertainties in the 7 µm continuum are conservatively estimated to
be smaller than 30%, which is sufficient for our purpose. In a few cases, the AGN
contribution may be contaminated by nuclear (<3.7”) star formation (e.g. Deo et al.
2009). We verified that the effect on our statistical analysis is negligible compared to
high resolution ground-based MIR observations.

The [O IV] and 7 µm fluxes are listed in Tab. 6. The values are consistent with those
derived by others (Buchanan et al. 2006, Deo et al. 2007, Deo et al. 2009, Tommasin
et al. 2010).

4.1.4 X-rays and [O III] flux

The 2-10 keV hard X-ray data were obtained by several observers using ASCA, Beppo
SAX, Chandra, and XMM. We collected the data from the NED; in case of multiple
entries we chose the latest detection.

We collected [O III] 5007Å emission line fluxes from various literature sources, as
listed in Tab. 6. Because of the large uncertainties, we applied neither an extinction
correction nor aperture correction for the [O III] fluxes. Those aperture corrections
would affect few very nearby sources, but most sources are sufficiently distant to
ensure that any bias in the statistical analysis is small.

4.1.5 Additional maser sources

On the one hand, our combined sample is drawn from the CfA, 12µm, and IRAS
F25/F60 catalogs, which contains 15 Sy2 maser sources with Spitzer spectra. On the
other hand, a total of 52 masing Sy2 are known so far (Bennert et al. 2009; Zhang et al.
2010), although these are drawn from different AGN catalogs using inhomogeneous
criteria.

To compare the 15 Sy2 masers of our combined sample with the remaining 37,
we also analyzed available Spitzer spectra and gathered additional [O III] and X-ray
fluxes for them from the literature in the same manner, as we did for our combined
sample. This results in an “off-sample” list of 37 Sy2 masers that is appended to Tab.
6.

4.2 results and discussion

Our combined sample of 126 sources contains 114 maser and non-maser sources (12

maser-unknown excluded), but not all of them have data for all the observables consid-
ered here (X-rays, F7µm, [O III]). Therefore, we compare the maximum possible subsets

2 log(RNLR) = (0.52± 0.06) × log(L[O III])− (18.5± 2.6)
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of observable pairs, and discuss the implications in the framework of the AGN unified
model. Therein we consider as components the accretion disk supposed to host the
maser, the dust torus, the bi-conical NLR, and the host galaxy. We denote by Sy1s the
subtypes between Seyfert 1.0 and 1.5, and by Sy2s those between Seyfert 1.8 and 2.0.
All figures contain a combined error bar in the lower right corner that is averaged
from all relative errors in this measurement. Since the literature sources do not have
uniformly presented errors, we do not perform this step for the X-ray, [O III], and H2O
luminosities.

4.2.1 Nuclear X-ray obscuration

Figure 44 shows the observed hard X-ray versus [O IV] line luminosities, and Figure 45

the LX / L[O IV] histogram. The main characteristics are:
• On average, Sy1s have an X-ray / [O IV] ratio that is about 10 times higher than

Sy2s.

• Sy2 non-masers are evenly distributed over the entire range occupied by Sy2

masers and Sy1s (Fig. 44).

• Sy2 masers are almost disjoint from Sy1s. At a given [O IV] luminosity, Sy2

masers have on average about a factor of four lower X-ray luminosity than Sy2

non-masers (Fig. 45). Likewise, the few Sy1 masers have a lower X-ray luminosity
than Sy1 non-masers.3

• Six out of 12 sources without masing information, but LX and L[O IV] available
(see Tab. 6), show the same trends as the Sy1s and Sy2s with masing information
(see Tab. 5). They are not plotted, to avoid the overcrowding of Figs. 44 and 45,
with too many different symbols.

We assume that the X-ray deficit, i.e. the decrease in LX / L[O IV], is caused by obscu-
ration, probably in the molecular dust torus. Figures 44 and 45 then clearly demon-
strate that masers are found almost exclusively in Sy2s with heavy nuclear obscura-
tion, while non-maser Sy2s exhibit a broad range of X-ray absorption. A two-sided
Kolmogorov-Smirnov (KS) test, applied to the LX / L[O IV] distribution, infers a proba-
bility of 18% that the Sy2 masers and non-masers are drawn from the same parent
population. Our results agree with those of Greenhill et al. (2008) and Zhang et al.
(2010), who find that about 60% of the masers are Compton-thick.

Assuming that Sy1s are almost unobscured, the obscured sources populate the
LX / L[O IV] range below 10 in Fig 44. Thus, masers almost completely populate the
range of obscured sources. This range also surprisingly contains numerous non-masers.
To more clearly understand why the maser search failed in these absorbed sources, we
consider the influence of observed brightness. Fig. 46 shows the X-ray and [O IV] flux
distribution (instead of the luminosity distribution). The Sy2 masers and non-masers
exhibit a flux-dependence in their [O IV] distribution. Sources with low [O IV] flux
are more frequently classified as non-masers (2 Sy2 maser and 12 Sy2 non-maser at
L[O IV] < 10

−16 Wm−2), while sources with high [O IV] flux are more frequently clas-
sified as masers (6 Sy2 maser and 5 Sy2 non-maser at L[O IV] > 10

−15 Wm−2). Fig. 47

displays the [O IV] fluxes of all Sy2s lying below the dividing line between obscured

3 The Sy1 masers are NGC 4051, NGC 4151, and UCG 5101. Note that both NGC 4051 and NGC 4151 have
relatively low maser H2O luminosity, and UCG 5101 is an ultra-luminous infrared galaxy so that the
maser luminosity could arise from starburst regions rather than from the AGN accretion disk.
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Figure 44: Observed 2-10 keV X-ray versus [O IV] line luminosity. Blue stars represent Sy1s
(Sy 1.0-1.5), red circles Sy2s (Sy 1.8-2.0). Filled symbols are masers, open symbols
are non-masers. The dotted lines mark fixed LX / L[O IV] ratios of 1000; 100; 10; 1; 0.1
(from top to bottom). The error-bar in the lower right corner is the average relative
error of all [O IV] measurements.
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Figure 45: Histogram of the LX / L[O IV] ratio of the data points shown in Fig. 44. The red
dashed line represents Sy2 non-masers, whereas the blue thick line represents the
Sy1 non-masers. The maser-detections are represented by the dashed surfaces - blue
and vertically dashed for Sy1, red and horizontally dashed for Sy2. The one upper
limit is excluded.
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Figure 46: Observed X-ray versus [O IV] line flux. Symbols and colors are as in Fig. 44. The
dotted lines mark fixed flux ratios of 1000; 100; 10; 1; 0.1 (from top to bottom).
The error bar in the lower right corner is the average relative error in all [O IV]
measurements.

and unobscured sources (LX : L[O IV] ≈ 10). Among this subset of obscured Sy2s, the
frequency of non-masers rises constantly towards lower [O IV] fluxes, in contrast to the
distribution of masers. This incidence is consistent with an observational bias against
the maser-detection for faint AGN. This implies that a relation exists between [O IV]
flux and H2O flux, which is indeed observed in Fig. 52 and discussed in Section 4.2.5.

Because the detection of maser emission appears to be biased against sources with
low flux, we conclude that among obscured sources the true fraction of masers is
higher than indicated by Fig. 45.

4.2.2 Extended obscuration of the dust torus and NLR

Figure 48 shows a histogram of the MIR 7 µm continuum to [O IV] line ratio. The
striking features of this diagram are:
• Sy2s populate about the same total range as Sy1s, but show a prevalence of

lower 7 µm / [O IV] values, i.e. a 7 µm continuum deficit. On average, the ratio
7 µm / [O IV] of Sy2s is about a factor of three lower than that of Sy1s. This is
consistent with the results obtained via radio normalization (7 µm / 8GHz) by
Buchanan et al. (2006, their Fig. 16).

• Among Sy2s, the 7 µm / [O IV] ratio of masers is, on average, about a factor of
two lower than that of non-masers. A KS test results in a probability of 3.7%
that the Sy2 masers and non-masers are drawn from the same parent distribu-
tion. Flux considerations similar to those for LX / L[O IV] suggest that the true
7 µm / [O IV] separation of masers and non-masers will be even more pro-
nounced once the observational bias against the detection of low flux masers is
taken into account.

We assume that the deficit of the 7 µm continuum in Sy2s is mainly caused by absorp-
tion of the torus dust emission. This absorption has to take place somewhere between
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Figure 47: [O IV] flux histogram of Sy2 masers for absorbed sources from Fig. 46 with LX /
L[O IV] < 10. Masers are represented by the shaded area, non-masers by the thick
dashed histogram.

the emitting region and the observer, hence probably in the "halo" of the torus, i.e. in
the outer part of the torus itself or in the host galaxy. It is possible that the scale height
of this MIR-absorbing halo, i.e. the projected distance of absorbing material from the
line-of-sight to the nuclear accretion disk, is (much) larger than the scale height of
the torus itself. This is consistent with the results of a Spitzer study of CfA Seyferts
(Deo et al. 2007), where sources with high 10 µm silicate absorption were found to
have predominantly large host-galaxy inclinations and irregularities (merger events
or interactions), both of which lead to absorption through the host.

To provide additional clues on the extent of the MIR-absorbing material, we con-
sider the [O III] 5007Å versus [O IV] line luminosity as shown in Figures 49 and 50.
The features of the [O III] / [O IV] distribution are similar to those of 7 µm / [O IV].
Most Sy2s populate the same range as Sy1s, a few Sy2s show a [O III] deficit, i.e.
[O III] / [O IV] ratios lower on average about a factor 3 compared to Sy1s, consistent
with the results of Baum et al. (2010) for the 12 µm sample. The distribution pattern of
masers and non-masers appears to be statistically indistinguishable. A KS-test results
in a probability of 61% that the Sy2 masers and non-masers are drawn from the same
parent population. However, the Sy2 subsample in Figures 49 and 50 shows a distinct
tail towards lower ratios, potentially caused by absorption.

The [O IV] 25.9µm line is ∼50 times less affected by extinction than the optical
[O III] 5007 line. A low [O III] / [O IV] ratio argues in favor of large obscuration, as ex-
plained in Haas et al. (2005). Another explanation of the very different [O III] / [O IV]
ratios could be the different radiation fields in the NLR. Because the [O IV] 25.9 µm
line needs a higher ionization potential than the optical [O III] 5007Å line, AGN with a
hard radiation field are expected to have a low ratio. The Sy2s with low [O III] / [O IV]
would then be those AGN with hard radiation fields. However, this is inconsistent
with other spectroscopic MIR tracers such as the [Ne II] 12.8 µm to [O IV] flux ratio
(Meléndez et al. 2008b). Thus, we conclude that in Figures 49 and 50 the NLR of Sy2s
with an [O III] deficit is considerably obscured.



64 finding megamaser candidates

0 1 2 3
log( L7µm / L[OIV](25um) )

0

5

10

15

20

C
ou

nt
s

Figure 48: Histogram of the 7 µm continuum to [O IV] line ratio. Legend as in Fig. 45. All 21

upper limits from Tab. 6 are excluded.
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Figure 49: Distribution of [O III] 5007Å versus [O IV] 25.9µm luminosity. Symbols are as in
Figure 44. The dotted lines mark fixed ratios 10; 1; 0.1; 0.01 (from top to bottom).
The error bar in the lower right corner is the average relative error of all [O IV]
measurements.
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Figure 50: Histogram of the [O III] to [O IV] ratio. Legend as in Fig. 45. Five upper limits are
excluded.

While the [O III] obscuration may occur mainly in the innermost part of the NLR,
the large extent (>1 kpc) of the NLR suggests that the absorption is not confined to the
region encircled by the dust torus. The sky-projected distribution of the absorbing ma-
terial might reach further out to a considerable distance (several hundred parsec) from
the line-of-sight to the nuclear accretion disk. The presence of moderately extended
[O III] absorption, as well as the similarity of the 7 µm / [O IV] and [O III] / [O IV] di-
agrams supports the picture that the MIR absorption also takes place in a moderately
extended layer, i.e. the torus halo mentioned above. Although both observables 7 µm
and [O III] appear to be affected by absorption in a similar fashion, we note that the
distribution of 7 µm / [O III] spans a wide range (2-700). This is unsurprising in view
of the diversity of the orientation-dependent appearance of the involved emitters and
absorbers even for a simple AGN model.

4.2.3 Combined picture

Why do masers and non-masers have such different distributions in X-ray / [O IV],
while their distribution in 7 µm / [O IV] looks more similar?

Because masers need a large line-of-sight column density of velocity coherent gas,
they are expected to be predominantly detected in edge-on accretion disks. Thus, the
maser detection or non-detection can tell us about the disk orientation with respect to
the line-of-sight. To constrain the implications in the framework of the AGN unified
model, we consider two extreme cases:

1. For a disk seen edge-on, the maser is obviously most easily detected and the
molecular torus is also seen more or less edge-on. In this case, the nuclear accre-
tion disk (and its corona) is shielded by the torus, so that the X-rays are heavily
obscured. If additional extended material, capable of obscuring the MIR emis-
sion, does not lie in the torus plane, the 7 µm / [O IV] ratio is lower.

2. For a non-maser, both the disk and torus appear to be sufficiently tilted away
from edge-on, so that the nuclear X-ray absorption is relatively low. In addition,
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our diagrams indicate the existence of non-masers, where the torus plane is seen
edge-on, although in these cases the disk might be tilted out of this plane be-
cause of the locally different angular momentum. For a non-maser, the edge-on
torus also causes a high obscuration of the X-ray nucleus. On the other hand, ir-
respective of the disk and torus orientation, the MIR continuum can be absorbed
or not depending on the line-of-sight through the extended host.

From these two extreme cases, we see the following. While the requirement for heavy
absorption of the nuclear X-rays is that the line-of-sight has to hit a rather compact
area of very high column density, the area of the torus emission and even more so the
area of the (bright) NLR emission is orders of magnitude larger, so that the absorber
must also cover a larger area. If the absorption of X-rays and 7 µm occurs on different
spatial scales, the strength of the obscuration in each wavelength range may be sensi-
tive to small differences in the aspect angle. Furthermore, because the MIR-absorbing
material is located farther away from the line-of-sight to the nucleus, it is less reliable
for predicting whether a maser will be detected.

4.2.4 Comparison of the three samples with other known masers

Our combined sample was compiled from three complete samples with good coverage
in the Spitzer archive. Table 4 shows the overlaps between the samples. We note that
each sample is incomplete because of the limited availability of data in the Spitzer IRS
archive and of X-ray and [O III] measurements in the literature (see Tab. 5). Moreover,
maser surveys have not been performed with homogeneous properties (sensitivity,
velocity coverage) nor carried out for all sources of our combined sample.

The three samples are based on different selection criteria: Optically selected Seyferts
in the CfA sample and IRAS selected sources in the 12µm and F25/F60 sample. Thus,
it is possible that they are affected by different biases with respect to potential maser
detection. The fraction of Sy2 masers to non-masers increases from 1/4 (4/16) in the
CfA sample, to ∼ 1/3 (11/29) in the 12µm sample and to ∼ 1 (6/8) in the IRAS
F25/F60 sample. This is consistent with the well-known finding that the mid- and
far-infrared wavelengths select more obscured AGN than the optical bands.

However, the range of luminosity ratios (LX / L[O IV], L7µm / L[O IV], L[O III] / L[O IV]),
listed in Table 5, are similar for all three samples. This also indicates that among optical
selected masing sources, some can be obscured at a level similar to that of infrared
selected sources4. To summarize, the result of all three samples (CfA, 12µm, and IRAS
F25/F60) are similar in that they point consistently to a prevalence of maser detections
in Sy2s with high X-ray obscuration and one may expect that this also holds in general
for Seyfert galaxies.

Are our selected Sy2 masers representative of all 52 known Sy2 masers (Zhang
et al., 2010)? To address this question, we compare our in-sample Sy2 masers with all
remaining 37 off-sample Sy2 masers.

In Figure 51, we compare X-ray and [O IV] luminosities between in- and off-sample
masers. The comparison refers to those masers with X-ray and [O IV] fluxes available,
i.e. 12 off-sample Sy2s, 13 in-sample Sy2s, and 3 in-sample Sy1s. Both the in-sample
and off-sample roughly populate the same LX / L[O IV] range. However, the LX / L[O IV]
ratio is, on average, about a factor of two higher for the off-sample than the in-sample

4 Note that even for infrared-selected AGN, optical criteria influence the sample, because the Seyfert
identification is done using optical spectroscopy.
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Figure 51: Observed 2-10 keV X-rays plotted against [O IV] line luminosity. Sy1 masers are
represented by blue stars and Sy2 masers by red dots. Off-sample Sy2 masers are
marked with black dots. The dotted lines mark fixed flux ratios of 1000; 100; 10; 1;
0.1 (from top to bottom). The error bar in the lower right corner is the average error
of all [O IV] measurements.

masers. This indicates that the off-sample Sy2 masers may be less absorbed than the
in-sample ones. Compared with the in-sample Sy2 non-masers (omitted in Fig 51, see
Fig. 44), however, the off-sample masers show, on average, about a factor of two lower
LX / L[O IV], hence still a considerably high obscuration.

Some off-sample masers exhibit spurious flux ratios indicative of no obscuration
(i.e. LX / L[O IV] > 10 for 4 objects). Among them, we find two nearby extended
sources, NGC4258 and NGC4945, in which the X-ray emission was associated with
star formation by Risaliti (2002) and Strickland et al. (2004).

To summarize, the large overlap and the lack of significant differences between in-
and off-sample Sy2 masers indicates that the results for our combined sample of Sy2

masers can be extended to all known Sy2 masers.
We note that the inhomogeneous selection of all off-sample masers and non-masers

precludes any meaningful comparison of maser to non-maser statistics with our in-
sample data. A KS test shows a probability of 63% that subsets of both, off- and in-
sample masers, are drawn from the same parent distribution and the above-mentioned
difference in LX / L[O IV] is only by chance. However, a KS test between the in-sample
non-masers and the off-sample masers similarly yields a 60% probability that they are
drawn from the same parent distribution. Comparing the LX / L[O IV] ratio of the in-
sample Sy1 non-masers with those of the off-sample Sy2 masers, shows a probability
of 0.16 ‰ of their being drawn from the same parent distribution. This indicates that
the off-sample Sy2 masers differ significantly from the unobscured Sy1 non-maser.

4.2.5 Maser and AGN luminosity

A search for H2O masers in 274 high-redshift (0.3 < z < 0.8) SDSS type-2 AGN, of
which half are type-2 quasars (Bennert et al. 2009) found only one maser (SDSSJ0804+3607,
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Figure 52: Maser H2O versus [O IV] luminosity. Symbols and colors are as in Fig. 51. The
dotted lines mark fixed ratios 10−4; 10−5; 10−6; 10−7 (from top to bottom). For com-
parison, the expected position of the z = 0.66 maser SDSSJ0804+3607 is marked with
a black dot and a gray bar covering the range 0.1×L[O III] < L[O IV] < 100×L[O III]
assumed from Fig. 49.

Barvainis and Antonucci 2005). The high rate of non-detections in these luminous
AGN might be due to limited observational sensitivity or intrinsic differences between
low- and high-luminosity AGN. These differences could for instance be that in a high-
luminosity AGN the accretion disk becomes hotter so that the density required for
maser emission falls below a critical limit. If this were frequently the case, one would
expect a relative decline in H2O maser luminosity with increasing AGN luminos-
ity. On the other hand, the SDSS H2O maser survey was relatively shallow, because
one was interested in finding masers that are sufficiently bright for spatially resolved
follow-up VLBI observations.

We consider how far the Seyfert sample can help us to distinguish between these
two possibilities (i.e. by investigating whether or not LH2O / L[O IV] declines with
increasing L[O IV]). A remarkable feature of Fig. 44 is that maser-detections and non-
detections are quite evenly distributed across the whole [O IV] luminosity range cover-
ing about four orders of magnitude. Thus, our data do not indicate a trend where the
frequency of non-masers increases with luminosity. Also we have already seen that
the available maser observations of the Seyferts are biased against maser detection in
faint (and distant) AGN (Fig. 47).

Figure 52 shows the (isotropically assumed) maser luminosity versus the AGN
luminosity traced by [O IV]. In addition to the Seyfert sample, we have plotted the
expected position of SDSSJ0804+3607 at z = 0.66, the only QSO-2 maser detection.
Because this source had not been observed with Spitzer IRS, we derived L[O IV] from
L[O III] using the range 0.1 × L[O III] < L[O IV] < 100 × L[O III] as indicated in Fig. 49,
which is also valid for higher luminosity AGN (Haas et al. 2005). At a given [O IV]
luminosity, the maser luminosity spreads over three orders of magnitude (Fig. 52).
One explanation for the large spread is that the maser emission is not isotropic, and
hence the derived maser luminosity depends sensitively on the maser direction with
respect to the line-of-sight. The Seyfert sample alone indicates only a marginal corre-
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lation in Fig. 52, with a Pearson correlation coefficient of 0.32 for all Sy2 masers of our
combined sample that is not significant at the 5% level. Adding the off-sample Sy2

masers changes the coefficient to 0.46 which would then be significant, but this corre-
lation might also be an artifact of distance in the luminosities. However, in addition,
the position of SDSSJ0804+3607 and that its assumed H2O / [O IV] ratio lies in the
same range as for the lower luminosity AGN, argues in favor of a physical connection
between maser luminosity and AGN luminosity.

The numerous non-masers among the SDSS QSO-2s (Bennert et al., 2009) have a
[O III] luminosity similar to that of SDSSJ0804+3607, hence are expected to populate a
similar L[O IV] range in Fig. 52. The H2O maser upper limits5, found for these QSO-2s
by Bennert et al. (2009), lie even above J0804+3607. Thus, the upper limits are not strin-
gent enough to support a relative decline of maser luminosity with increasing AGN
luminosity. This, together with the sufficiently high LH2O / L[O IV] ratio of J0804+3607,
leads us to conclude that the main reason for the high rate of maser non-detections
is insufficient observational sensitivity, rather than basic differences between low-and
high-luminosity AGN for hosting a maser.

4.3 conclusion

To understand the connection between H2O maser detection rate and nuclear extinc-
tion, we have used the [O IV]25.9 µm line and the 7 µm continuum flux from Spitzer
spectra of a well-selected sample of 114 Seyfert galaxies from the CfA, 12µm, and
IRAS F25/F60 catalogs, for which a maser search has been performed. These data
have been compared to hard X-ray and [O III] 5007Å fluxes from the literature. We
have analyzed the data in the framework of the orientation-dependent AGN unified
scheme, yielding the following results:

1. Comparing hard X-rays to [O IV] flux, Sy2s exhibit, on average, an about ten
times lower X-ray to [O IV] ratio than Sy1s. Masers reside primarily in X-ray
absorbed sources (i. e. those with low LX / L[O IV] ratios). Sy2 masers have on
average about four times less X-ray flux normalized by [O IV] than non-maser
Sy2s. This is consistent with the geometric alignment of both the X-ray absorber
and the maser emitting region in the accretion disk. Non-masers do not tend
to reside predominantly in strongly absorbed sources. However, our data un-
cover an observational bias against faint sources, in the sense that more sensitive
maser observations might reveal more absorbed sources to house a maser.

2. For the 7 µm to [O IV] flux ratio, we have found that most Sy2s are spread across
the same range as Sy1s. However, some sources have a significantly lower ratio,
pushing the Sy2s on average to about three times lower ratios than Sy1s. These
cases can be explained by an extended dusty absorber covering the 7 µm emit-
ting torus region. Maser detections also appear to correspond to 7 µm absorbed
sources, but with less significance than in the X-ray to [O IV] comparison. This
suggests that the geometric alignment of the MIR absorber with the maser emit-
ting disk is not as perfect as the supposed alignment of the disk with the X-ray
absorber.

3. The [O III] to [O IV] flux ratio also indicates the presence of extended obscuration
in some Sy2s that blocks the optical emission from the NLR. Masers and non-

5
LH2O
L� = 0.0039× 1
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masers are distributed very similarly in the [O III] to [O IV] plot. The fraction
of maser-detections is not significantly higher for sources with this extended
absorption. This leads us to conclude that the matter distribution for the [O III]
absorber has no influence on the prediction of a maser detection. Moreover, it
is possible that a substantial fraction of the absorption of AGN emission could
occur in extended regions outside the torus that are not necessarily aligned with
the torus or AGN sub-structure.

4. The separate three samples, CfA, 12µm, and IRAS F25/F60 provide very similar
results. The Sy2 maser to non-maser ratio increases from optical to infrared selec-
tion. The Sy2 masers of our combined sample have a similar range of L[O IV] and
LH2O as the known off-sample Sy2 masers. While, on average, the off-sample
masers are a factor of two less obscured, as inferred by the LX / L[O IV] ratio,
they are still considerably obscured compared to Sy1s from our combined sam-
ple. Thus, the results obtained for our combined sample of Sy2 masers may also
hold for all remaining Sy2 maser sources that have no Spitzer or X-ray data
available.

5. After supplementing our combined sample with the remaining known Sy2

masers that were not included in it, the H2O maser luminosity appears to be
correlated with the AGN luminosity traced by [O IV], although it has a large
spread. We do not find any evidence of physical differences between low- and
high-luminosity AGN hosting a maser.

With the novel concept of using the MIR [O IV] as tracer of the AGN luminosity, the
results demonstrate that heavy X-ray absorption is an indicator of a high probability
of detecting a maser. The 7 µm absorption can also be used to find maser candidates,
but with a lower probability.



5
S U M M A R Y A N D O U T L O O K

This thesis has studied different components of the central regions of AGN. The prin-
cipal elements can be summarized as follows.

• H2O water megamasers at 22 GHz may offer superior precision in the distance
measurements for type 2 AGN, since they allow a direct geometric method. How-
ever, usable candidates are very rare and surveys at radio telescopes require
enormous amounts of integration time. Therefore, I developed a new principle
to find good candidates. By comparing Mid-IR observations with X-ray fluxes,
it can be shown that X-ray absorbed sources are more likely to present a maser
emission in the line-of-sight to the observer. This allows further investigators to
focus their integration time on these sources.

• The reverberation mapping technique measures nuclear continuum brightness
variations and their emission line echo in the BLR. If the accuracy of the rela-
tion between BLR size and nuclear luminosity can be improved drastically, it
becomes possible to estimate the AGN distance. With our new method of pho-
tometric reverberation mapping, four AGN (ESO 374-G25, PG0003+199, Ark120

and 3C120) could be placed anew in the RBLR− L diagram. The dense time sam-
pling of our lightcurves allows us to obtain precise BLR sizes. Using the flux
variation gradient method we are able to calculate the host-free AGN luminos-
ity LAGN. This method is a powerful alternative to taking high-resolution HST
images and applying host model fits. Only one single-epoch spectrum was ob-
tained to successfully estimate further properties, like the Balmer line’s velocity
dispersion and the enclosed virial black hole masses. Future comparisons will
show how reliable such MBH determinations are.

• To expand the ability of the Universitätssternwarte der Ruhr-Universität Bochum,
to obtain long-term variability lightcurves with high sampling rates, I have
worked out and implemented a new control system for the VYSOS 16 telescope.
It is now capable to perform robotic observations and has already provided the
first lightcurves. Finally, this will contribute to the future investigations as de-
tailed above.

With respect to maser detection campaigns, first investigations are already in progress,
considering the candidate selection criterion we proposed here. The current quality of
the imaging data of VYSOS 16 is amazing. In combination with the methodical success
of the photometric reverberation mapping, the next three years allow us to monitor at
least 50 AGN and to determine their RBLR and LAGN.
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A P P E N D I X

At first, this appendix contains a brief description of the VYSOS 16 telescope’s hard-
ware and script design, as well as commands of the control script. This is followed by
an introduction to the mathematical background of the analysis methods as used in
this thesis. Then, a set of Tables is presented, showing the sample properties together
with our results. Finally, a supplemental list of figures is attached, on which part of
my discussion refers to.

a.1 hardware

mount : The telescope has an equatorial fork mount manufactured by Equinox Inter-
science. Both, right ascension (α) and declination (δ) drives have contact to them
through friction wheels. The polar axle unit is a weldment assembly that uses
an 20.32 cm diameter stainless steel tube of 1.27 cm wall thickness that is mated
to a 60.96 cm diameter drive wheel on the north end. The south end has a plug
plate that carries a stub axle of 7.46 cm diameter. The polar axis is defined in
space by 2 pinions of 1.905 cm diameter on the north end and by a spherical
journal cartridge bearing on the south end. The support pinions on the north
end absorb the radial load imposed by the fork and tube units, along with about
80 percent of the moment load created by the cantilevered fork/tube assembly.
The remainder of the moment load is absorbed by the south bearing, which is a
spherical journal, self aligning unit. This bearing also accommodates the entire
thrust load imposed by the polar axis, fork and tube assemblies.

positioning : Movement is driven by bifilar stepper motors (1 per axis). Positional
feedback is received from two shaft encoders on both α and δ axes. The cabin
shutter position is also readable. Per equatorial axis, one low-resolution absolute
encoder is available for absolute alignment of the axis in case of a power outage.
Then, each axis has a relative encoder with high rotation ratios on the axis (α:
32/1 and δ: 24/1). They have significantly higher accuracy than the absolute
encoders, but trade this advantage for reoccurring periodic errors (see Fig. 5).
The absolute encoders are attached to the NI-6509 DAQ card in vysos-s. They
feature an fourteen bit digital input giving out Gray-code1. The converted binary
numbers (0-16384) projected to the angles on the axis.

optics : The VYSOS 16 features a Coudé system with a focal length of 2337 mm
and an aperture of 413 mm. It also uses two elliptical diagonal mirrors and a
refractive Paracorr coma corrector by Televue Optics. The system obscuration is
37%. All mirrors in the system are supported by mounting plates with axial and
radial support pads. The mirror cells use a center ball pivot system with four pull

1 Gray-code reduces the Hamming distance in the counting number system to 1. This means that always
only one bit will change when increasing, or decreasing the counter. This allows precise encoders on
slowly varying inputs, having no false intermediate states when multiple bits are switching in an un-
known order.
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screws acting through reaction plates. An adjustment in either the horizontal or
vertical axis is made by tightening a screw and loosening the opposite screw.

filters : The internal filter wheel holds 5 slots and is currently equipped with John-
son B and V broad band filters from Astrodon and three Ashahi filters with 12 nm
band-pass. These are YBPA670, YBPA680, YBPA690, centered at 670 nm, 680 nm
and 690 nm.

ccd : SBIG STL-6303 with 3072× 2048 pixel that have an approximate edge length of
9 microns. The pixel scale is thus 0.′′79 per pixel and the resulting field of view
41.2′ × 27.5′.

a.2 software

The software was developed and tested in a Scientific Linux 5.0 x64 environment. The
telescope server can be accessed via UDP and is compatible to the Alma Common
Software (ACS) system. The communication between the telescope server and ACS
is based on the ACE network interface library. Figure 53 (Appendix) illustrates the
structure.

We have developed hardware drivers (ni73xx 0.6.3.1, based on the work by Kogee
Leung2) using the programming language C. In these low level drivers the communica-
tion to the National Instruments 7344 PCI controller card is abstracted. I.e. a command
to set up a parameter for an axis will be formed into a packet as depicted in Fig. 54 in
the Appendix.

The commands used in the hardware drivers have then been combined to more
complex sequences of commands in our newly developed libfreemotion 1.0.1 library
(also based on the work by Kogee Leung). It offers a variety of command functions
(i.e. to block axes, set up target positions or initiate movements).

The libfreemotion is then used by the telescope server class, which we have devel-
oped. Here the abstraction layer is even higher, and the telescope server software class
offers functions like initiate tracking on given equatorial coordinates. For this to be
possible, corrections of aberration, precession, nutation, atmospheric refraction, mis-
alignment of the mount, bending of mount and tube, and the periodic errors in the
positioning have to be corrected in-place to sub-arcsecond precision.

a.3 vysos16 script commands

waituntil:dusk

At this point, the telescope will wait for the evening astronomical twilight to pass,
before any new jobs are processed.

waituntil:dawn

At this point, the telescope will wait for the morning astronomical twilight to pass,
before any new jobs are processed.

2 http://ni73xx.sourceforge.net/
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name:<objectname>

Through this command, the following images will be designated with the characters
in place of <objectname> in their header keyword OBJECT.

ra:<HH/MM/SS.S>

By this command, the following images will be dithered around this right ascension.
Capital letters represent time angles. Header keyword OBJCTRA will be written.

dec:<ddd/mm/ss>

With this command, the following images will be dithered around this declination.
Small letters represent arc angles. Header keyword OBJCTDEC will be written.

filter/exptime/amount:<filtername/exptime/amount>

This is basically an exposure-command. The script will generate <amount> number of
observations dithered around the coordinates defined before. Header keywords FIL-
TER and EXPTIME will be written. However, some modes, explained below require
different compositions of this command, which is explained in each section respec-
tively. Available filters are:
v_j : Johnson V-band.

b_j : Johnson B-band.

670 : Narrow band filter with 12nm FWHM at 670nm.

680 : Narrow band filter with 12nm FWHM at 680nm.

690 : Narrow band filter with 12nm FWHM at 690nm.

MOUNT:OFF

This command will close the tube and drive the mount into the parking position.
Afterwards the observer may shutdown the motors and close the roof.

END

If this job is started, the connection to the mount and ccd containers of ACS will be
suspended. Afterwards the script will close.

POINT

This will enable the pointing measurement mode. All following observations only
need a format like
“�lter/exptime/amount:V_j/60/1”
without a name declaration beforehand. The script will automatically generate a num-
ber of random positions across the visible sky above 45

◦ altitude starting roughly in
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zenit. If only one measurement is taken, it will be used to calculate an offset of the
pointing model from the true sky, adding this to the relative encoder counts. This is
to mitigate long-term drifting of the pointing model.

BIAS

This will enable the bias imaging mode. All following observations only need a format
like “amount:10”.

DARK

This will enable the dark imaging mode. All following observations only need a format
like “amount/exptime:10/120”.

FLAT

This will enable the flatfield imaging mode. All following observations only need
a format like “�lter/amount:670/10”. The script will automatically generate flatfield
positions on the sky at −24.5◦ declination and 20◦ from the meridian, away from the
sun, in hour angle coordinates. Hence, at dusk it will look east and at dawn it will
look west automatically.

LIGHT

This will enable the science imaging mode. Now, a good focus will be checked before
the first observation and later if one hour has passed since last focussing, or the object
has changed. After switching to this mode, in order to observe an object, you need
to define the name, α and δ before the exposure commands appear. This exposure
command should then be like “�lter/exptime/amount:V_j/60/1”.

a.4 example of a complete observation plan

Here we present a short plan, designed in the fashion of our regular observations. The
Script will begin with automatic adjustments to take the requested flatfields during
dusk.
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FLAT

�lter/amount:690/5

�lter/amount:670/5

�lter/amount:680/5

�lter/amount:V_j/5

�lter/amount:B_j/5

BIAS

amount:5

DARK

exptime/amount:120/5

waituntil:dusk

POINT

�lter/exptime/amount:V_j/60/1

LIGHT

name:MARK705

ra:09/26/03.3

dec:+12/44/03

�lter/exptime/amount:V_j/60/9

�lter/exptime/amount:B_j/60/9

�lter/exptime/amount:680/120/14

�lter/exptime/amount:690/120/14

waituntil:dawn

FLAT

�lter/amount:B_j/5

�lter/amount:V_j/5

�lter/amount:680/5

�lter/amount:670/5

�lter/amount:690/5

MOUNT:OFF

BIAS

amount:5

DARK

exptime/amount:120/5

END

If the script was started too late (e.g. because of strong wind), the script will notice this
condition and quickly skip those flatfields, for which there is not enough brightness.
Then we take a set of bias and dark exposures, before taking a pointing verification
exposure (that is matched in-place with an astrometric catalog). Then the telescope is
used to observe Markarian 705 for four filters with different repetitions and exposure-
times. If this object is done, the telescope will wait till dawn, before it starts to read
out the CCD for flats. When everything is done, the telescope will park and seal the
optics, so the roof can be closed safely.

a.5 mathematical methods

a.5.1 The Discrete Cross Correlation Function

We assume that the broad emission line B(t) flux is a reprocessed signal of the variable
continuum C(t). This processing can be described by:

B(t) =
∫

C(t− τ)ψ(τ)dτ (6)
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ψ(τ) is the so-called transfer function. It is determined by the radiation field of the
nucleus and the morphology and distance of the emitting clouds. Our task is now to
extract the average distance (from the reverberation time lag) of the cloud structure.

One could try to transform B(t) into Fourier space and apply the convolution
theorem, as proposed by Blandford and McKee (1982), but this would require a very
fine resolved and equidistant time sampling, which is observationally impossible to
achieve, even in an environment like Chile’s Atacama desert. But there exists just
another method that measures the correlation of the obtained lightcurves for different
lagtimes. This is the Discrete Correlation Function (DCF), introduced by Edelson and
Krolik (1988). Here, we calculate this function using a particular binsize for a discrete
range of time lags defined by n ·∆τ ≤ τij < (n + 1) ·∆τ. With two data arrays of fluxes
(associated to their individual observation times) bi and cj this function is described
by:

DCF(τij) =
1
M ∑

ij

(bi − b̄)(cj − c̄)
σbσc

(7)

The sum is over all pairs of datapoints bi and cj with their associated time lags τij =
ti − tj inside the lagtime bin 2 · ∆τ defined above. The data is normalized by the
product of the standard deviations σb, σc and M, which is the total of pairs in the
bin. In our analysis in Section 3.5.1, we will plot this function for a set of lagtime
bins which are adapted to the median time sampling of the supplied lightcurves. As
Blandford and McKee (1982) already noted, varying the binsize has only little impact
to the result if chosen with a size in this order.

a.5.2 The Flux Variation Gradient

Choloniewski (1981) noticed a linear relationship between the fluxes obtained in two
different filters taken at different epochs. Using this relationship he demonstrated the
existence of two component structure to the spectra of Seyfert galaxies. Following the
geometrical representation of three-dimensional vectors by Choloniewski (1981), it is
possible to write the two component structure in two different filters (i, j) as:

~φi,j(ν, t) = ~Fi,j(ν) + ~fi,j(ν, t) (8)

where the observed flux ~Fi,j(ν) and ~fi,j(ν, t) are the constant and variable components
in two arbitrary filters respectively.The shape of spectrum of the variable component
does not change, allowing us to express their ratio by a constant aij:

~f j(ν, t)
~fi(ν, t)

= aji (9)

where aji is a constant. Using equations (8) and (9) we obtain the equation of a straight
line in the plane (~φi, ~φj):

~φj(ν, t) = aji~φi(ν, t) + bji , bji = ~Fj(ν)− aji~Fi(ν) (10)

The coefficient aji represents the color index of the variable component and can be
obtained by fitting a linear gradient in the flux-flux diagram.

This component is tracing the variability of the nucleus This was proposed by
Winkler et al. (1992) in the first place, in order to obtain the nucleus’s colors for a set of
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35 AGN monitored in UBVRI. Although this has been firmly established and verified
by numerous authors like Yoshii et al. (2003), Suganuma et al. (2006), Doroshenko et al.
(2008) and Sakata et al. (2010), there remain some doubts, as mentioned in Sakata et al.
(2010), where the measurements were scattering more than the linear relationship
should allow if the color stays perfectly constant.

A recent study on the determination of the nuclear flux contribution was realized
by Sakata et al. (2010). In this study the flux of the host galaxy was estimated for 11

nearby Seyfert galaxies and QSOs. These fluxes were measured in B, V and I bands,
using surface brightness fitting to the high resolution HST and MAGNUM telescope
images. The authors find a well defined range for the host galaxy slope of 0.4 <

Γhost
BV < 0.53, which corresponds to host galaxy colors of 0.8 < B−V < 1.1. The results

obtained by Sakata et al. (2010) are consistent (within measurement errors) with those
obtained by Winkler (1997), Bentz et al. (2006) and Bentz et al. (2009a).

a.6 tables

In this section we list the most important Tables. The vast amounts of photometric and
spectroscopic measurements are omitted. They are intended to be accessible online via
the web page of the AIRUB. Currently, you are invited to request any data from the
author3 of this work.

Table 2: Filters on the VYSOS 6 and VYSOS 16 telescopes. The index ’J’ represents filters of the
Johnson photometric system and ’S’ represents filters from the Sloan system. ’NB’ is
a narrow band continuum filter. The numbers of the three narrow VYSOS 16 filters
correspond to the central wavelength in nanometers. The FWHM of each narrow filter
is 12 nm. The “white” filter in BEST II is simply an empty slot, leaving the CCD’s
quantum efficiency profile.

Telescope Filternames

VYSOS 6 a UJ VJ RJ gS iS Hα SII

VYSOS 6 b BJ IJ uS rS zS NB OIII

VYSOS 16 BJ VJ 670 680 690

BEST II BJ VJ RJ IJ white

3 Michael Ramolla: ramolla @ astro.rub.de
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Table 3: Results of the DCF analysis of the obtained lightcurves, as noted in Table 1, combined
with the cleaned AGN luminosity, obtained by applying the FVG method. The values
for ESO 374-G25 are associated to the second epoch in 2012, because the first one in
2011 lacked V band observations and spectroscopy.

Name ΓBV LAGN λ 5100 Å τHα τHβ M(3)
virial

(1042erg s−1) (days) (106M�)

3C120 1.12± 0.04 69.4± 7.1 – 23.6± 1.7 10.4± 5.3

Ark120 1.20± 0.10 132.7± 12.1 – 46.5± 3.3 35± 17

ESO 374-G25 1.33± 0.22 1.85± 0.93 11.1± 2.6 – 10.4± 5.7

PG0003+199 1.16± 0.05 31.3± 3.6 20.0+2.0
−2.7 – 3.0± 1.5

Table 4: Documentation of how far the three samples (of 163 sources in total) match and
complement each other. For each row, the table entries list the number of sources
contained in the intersection of the sample denoted by the Cols. 2-7 with the CfA,
12µm, and IRAS F25/F60 sample (Col. 1). For instance the union of the 12µm and
IRAS F25/F60 samples (Col. 5) has 45 sources in common with the CfA sample (Row
1).

(1) (2) (3) (4) (5) (6) (7)

Intersecting sample CfA 12µm IRAS 12µm
⋃

IRAS CfA
⋃

IRAS CfA
⋃

12µm

CfA 54 42 12 45 − −
12µm − 118 24 − 57 −
IRAS F25/F60 − − 60 − − 27
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Table 5: The average values and standard deviations of the logarithmic luminosity ratios for
each subset of Seyfert galaxies. Column 1: In descending order, the optically selected
CfA sources (Huchra and Burg, 1992), the MIR-selected 12µm sources (Rush and
Malkan, 1993), the IRAS F25/F60 flux-ratio selected sources (Schmitt et al., 2003) and
the combined sample that is used in this work. Columns 2-4: Number of sources with
luminosities available in [O IV] and one of the following: 2-10 keV X-rays (Col. 2) or
7µm (Col. 3) or [O III] (Col. 4). Each sample’s row is subdivided into Sy1 maser, non-
maser, maser-unknown and Sy2 maser, non-maser, and maser-unknown. Column 5:
Total number of objects in the parent sample from Col. 1, e.g. 3 Sy1 maser in the CfA,
18 Sy1 non-maser in the CfA, and so forth.

(1) (2) (3) (4) (5)

LX / L[O IV] L7µm / L[O IV] L[O III] / L[O IV] Parent Sample

Parent Sample Subset Number log(Ratio) Number log(Ratio) Number log(Ratio) Number

CfA Sy1 maser 3 0.8± 0.9 3 1.6± 0.1 3 0.0± 0.6 3

Sy1 non-maser 16 2.0± 0.5 14 1.9± 0.5 16 0.1± 0.4 18

Sy1 unknown 2 1.73± 0.02 3 2.1± 0.6 2 −0.1± 0.1 4

Sy2 maser 4 0.1± 0.5 4 1.2± 0.7 4 −0.2± 0.6 4

Sy2 non-maser 16 1.1± 0.9 18 1.3± 0.5 20 −0.2± 0.5 24

Sy2 unknown 0 − 1 1.4 1 −1.3 1

12µm Sy1 maser 2 1.25± 0.93 2 1.6± 0.1 2 0.4± 0.5 2

Sy1 non-maser 22 2.0± 0.6 22 1.8± 0.5 27 0.1± 0.4 30

Sy1 unknown 4 2.3± 0.6 5 1.9± 0.6 6 0.0± 0.3 9

Sy2 maser 11 0.5± 0.7 10 1.2± 0.6 11 −0.3± 0.5 13

Sy2 non-maser 29 0.9± 1.0 34 1.4± 0.5 42 −0.4± 0.6 51

Sy2 unknown 1 1.1 1 1.4 2 −0.7± 0.9 2

IRAS Sy1 maser 0 − 0 − 0 − 0

Sy1 non-maser 13 2.2± 0.4 10 1.7± 0.3 15 0.0± 0.4 15

Sy1 unknown 0 − 0 − 0 − 0

Sy2 maser 8 0.2± 1.0 8 1.2± 0.7 8 −0.3± 0.4 8

Sy2 non-maser 6 0.7± 0.8 9 1.3± 0.5 10 −0.2± 0.5 11

Sy2 unknown 0 − 0 − 0 − 0

Combined: Sy1 maser 3 .8± 0.9 3 1.6± 0.1 3 0.0± 0.6 3

CfA
⋃

Sy1 non-maser 28 2.0± 0.6 25 1.8± 0.5 33 0.1± 0.4 36

12µm
⋃

Sy1 unknown 5 2.1± 0.6 6 1.9± 0.5 7 0.0± 0.3 10

IRAS Sy2 maser 13 0.4± 0.8 12 1.1± 0.6 13 −0.4± 0.5 15

Sy2 non-maser 32 0.9± 1.0 42 1.4± 0.5 50 −0.3± 0.6 60

Sy2 unknown 1 1.1 1 1.4 2 −0.7± 0.9 2
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Table 6: Measured fluxes and literature values. Column 1: Source names with catalog marks:
a: CfA sample; b: 12µm sample; c: IRAS F25/F60 sample
Column 2: Isotropic maser luminosities obtained from Bennert et al. 2009. A question
mark designates sources unobserved for masers and a dash represents a maser unde-
tected source.
Note that MRK938 and NGC1320 are listed as Maser in Zhang et al. (2010) but have
no luminosity information available. Therefore, they are marked with asterisks. Col-
umn 3: Seyfert type obtained from the NED or the literature with references given
in square brackets. Column 4: [O IV] flux determined by Ramolla (2009). Column 5:
[O III] flux from the literature.Column 6: 2-10 keV X-ray flux obtained from the liter-
ature. Column 7: 7 µm continuum flux determined by Ramolla (2009). An analysis of
the off-sample masers has also been performed. This data is appended in the table.
References: 1: Dahari and De Robertis 1988; 2: Polletta et al. 1996; 3: Whittle 1992; 4:
Gondoin et al. 2002; 5: Moustakas and Kennicutt 2006; 6: Shu et al. 2007; 7: Tran 2003a;
8: de Grijp et al. 1992; 9: Awaki et al. 2000; 10: Reeves and Turner 2000; 11: Ueda
et al. 2005; 12: Tran 2003b; 13: Guainazzi et al. 2005; 14: Malizia et al. 2007; 15: Turner
and Pounds 1989; 16: Cappi et al. 2006; 17: Iyomoto et al. 1996; 18: Gu et al. 2006; 19:
Schmitt et al. 2003; 20: Vaceli et al. 1997; 21: Greenhill et al. 2008; 22: Véron-Cetty and
Véron 2006; 23: Risaliti et al. 2000; 24: Bennert et al. 2006; 25: Boroson and Meyers
1992; 26: Verrecchia et al. 2007; 27: Rao et al. 1992; 28: Storchi-Bergmann et al. 1995; 29:
Bassani et al. 1999; 30: Kim et al. 1995; 31: Severgnini et al. 2001; 32: Bianchi et al. 2005;
33: Immler et al. 2003; 34: Ho et al. 1995; 35: Terashima et al. 2002; 36: González-Martín
et al. 2006; 37: Nandra et al. 2007; 38: Gondoin et al. 2003b; 39: Blustin et al. 2002; 40:
Matt et al. 2000; 41: Shang et al. 2007; 42: Perola et al. 2002; 43: Miniutti et al. 2007; 44:
Phillips et al. 1983; 45: Holczer et al. 2007; 46: Gondoin et al. 2001; 47: Levenson et al.
2006; 48: Bianchi et al. 2003; 49: Reynolds 1997; 50: Gondoin et al. 2003a; 51: Buchanan
et al. 2006; 52: Braito et al. 2003; 53: Perola et al. 2000; 54: Kewley et al. 2001; 55: Law-
son and Turner 1997; 56: Sharples et al. 1984; 57: Ueno et al. 2000; 58: Shinozaki et al.
2006; 59: Ho et al. 1997; 60: Whittle and Wilson 2004; 61: Zhang and Fan 2009; 62:
Tilak et al. 2008; 63: Heckman et al. 1980; 64: Done et al. 2003; 65: Oliva et al. 1994; 66:
Smith and Wilson 2001; 67: Lumsden and Alexander 2001; 68: Lumsden et al. 2004; 69:
Matsumoto et al. 2004; 70: Turner et al. 1997; 71: Panessa et al. 2006.

(1) (2) (3) (4) (5) (6) (7)

Source H2O Sy [O IV] [O III] 2-10 keV 7.6 µm

log
(

L
L�

) (
10−15 erg

s cm2

) (
10−14 erg

s cm2

)

MRK334
[a] − 1.8 82± 14 49 [1] 800 [2] 504± 101

MRK335
[a,b] − 1.0 67± 10 950 [3] 960 [4] 983± 241

MRK938
[b] ∗ 2.0 − 44 [5] 23 [6] 332± 66

E12-G21
[b] ? 1.0 187± 56 97 [7] − 366± 82

MRK348
[b,c] 2.6 2.0 163± 25 359 [8] 482 [9] 1151± 235

IZw1
[b] ? 1.0 97± 13 44 [1] 680 [10] −

IRAS00521-7054
[b] − 2.0 71± 11 77 [8] − −

NGC424
[b] − 2.0 223± 34 420 [3] 122 [11] 3655± 738

NGC526A [b] − 1.5 176± 26 270 [3] 2046 [11] 669± 162

NGC513
[b] − 2.0 59± 9 35 [12] − 232± 59

F01475-0740
[b,c] − 2.0 62± 10 53 [8] 82 [13] 393± 111

UM146
[a] − 1.9 26± 3 60 [3] − < 199

MRK590
[c] − 1.2 31± 8 53 [1] 1970 [14] < 589

MCG+05-06-036
[a,b] ? 1.0 42± 5 − − 166± 33
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Table 6: continued.

Source H2O Sy [O IV] [O III] 2-10 keV 7.6 µm

NGC931
[b,c] − 1.5 459± 67 75 [8] 2000 [15] 1697± 392

NGC1068
[a,b,c] 2.2 2.0 18908± 2697 4834 [8] 462 [16] 52585± 10567

NGC1056
[b] − 2.0 < 212 23 [7] − 235± 47

NGC1097
[a,b] − 1.0 52± 12 18 [7] 170 [17] 283± 58

NGC1125
[b] − 2.0 356± 52 23 [18] − 118± 27

NGC1144
[b] − 2.0 69± 10 − 11000 [2] 164± 37

M-2-8-39
[b,c] − 2.0 144± 21 183 [8] − 270± 69

NGC1194
[b,c] − 1.0 144± 21 396 [19] − 521± 105

NGC1241
[b] − 2.0 < 100 370 [20] − −

NGC1320
[b,c] ∗ 2.0 254± 37 122 [8] 496 [21] 933± 231

NGC1365
[b] − 1.8 1441± 207 62 [22] 660 [23] 2759± 553

NGC1386
[b,c] 2.1 2.0 991± 145 800 [24] 27 [18] 1017± 206

IRAS03362-1641
[b] − 2.0 52± 8 18 [8] − −

F03450+0055
[b] ? 1.5 31± 5 100 [25] − < 10504

3C120
[a,b] − 1.0 1195± 174 304 [8] 8200 [26] 987± 235

MRK618
[b] − 1.0 96± 16 160 [8] 700 [27] −

F04385-0828
[b] − 2.0 80± 14 3 [7] 1800 [2] 1119± 228

NGC1667
[b] − 2.0 68± 11 64 [28] 3 [29] 76± 18

E33-G2
[b,c] − 2.0 137± 20 57 [19] − −

M-5-13-17
[b,c] − 1.5 98± 15 340 [19] − 376± 96

IRAS05189-2524
[b] − 2.0 218± 16 39 [30] 360 [31] 2247± 451

Markarian3
[c] 1.0 2.0 1763± 358 1070 [8] 590 [32] 1593± 349

MRK6
[b,c] − 1.5 385± 56 700 [8] 1200 [33] −

MRK9
[b] − 1.5 48± 8 109 [3] − < 1944

MRK79
[b,c] − 1.2 395± 57 370 [3] 2600 [15] < 3567

IRAS07598+6508
[a,b] ? 1.0 < 168 − − −

MRK622
[c] − 2.0 66± 8 40 [19] 22 [13] −

NGC2639
[b] 1.4 1.9 36± 4 14 [34] 25 [35] < 155

IRAS08572+3915
[a,b] ? 2.0 167± 50 8 [5] − 427± 85

MRK704
[b] − 1.5 117± 18 85 [1] 537 [11] < 10595

NGC2841
[a] − 1.0 12± 3 − − 161± 51

pg0923+129
[c] − 1.2 74± 12 90 [19] 1151 [11] 458± 96

UGC5101
[a] 3.2 1.5 82± 11 21 [5] 5 [36] 276± 55

NGC2992
[a,b] − 1.9 1300± 134 360 [1] 8030 [37] 639± 130

MRK1239
[b] − 1.5 154± 24 467 [8] − 3323± 672

NGC3031
[a,b] − 1.8 44± 13 100 [34] 1500 [29] −

3C234
[b] ? 1.0 79± 12 − − 407± 92

NGC3079
[a,b] 2.7 2.0 290± 53 945 [5] 33 [16] 160± 32

NGC3227
[a,b] − 1.5 655± 95 820 [1] 750 [38] −

NGC3281
[c] − 2.0 1779± 534 55 [1] − 162± 32

NGC3393
[c] 2.6 2.0 2214± 184 268 [18] 9 [18] 199± 52

NGC3511
[b] − 1.0 23± 6 − − 27± 5

NGC3516
[a,c] − 1.5 451± 66 270 [1] 4410 [18] < 2900

M+0-29-23
[b] − 2.0 78± 23 5 [7] − 348± 69

NGC3660
[b] − 2.0 25± 5 33 [28] − < 234

NGC3783
[a,c] − 1.0 378± 57 763 [8] 8500 [39] 2261± 470

NGC3786
[a] − 1.8 129± 19 84 [3] − 281± 56

NGC3982
[a,b] − 2.0 89± 15 188 [34] 22 [11] 49± 10
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Table 6: continued.

Source H2O Sy [O IV] [O III] 2-10 keV 7.6 µm

NGC4051
[a,b] 0.3 1.5 366± 53 390 [34] 627 [16] 1704± 344

UGC7064
[a,b] − 1.9 118± 17 − − 269± 55

NGC4151
[a,b] −0.2 1.5 2396± 342 11600 [34] 4510 [16] 7211± 1459

MRK766
[a,b,c] − 1.0 474± 69 453 [8] 3000 [40] 1061± 213

NGC4388
[a,b,c] 1.1 2.0 2996± 644 564 [8] 762 [16] 971± 199

3C273
[b] ? 1.0 79± 9 116 [41] 8300 [15] 2043± 424

NGC4501
[a,b] − 2.0 33± 6 34 [34] 11 [16] < 271

NGC4507
[a,c] − 2.0 332± 51 828 [8] 2100 [29] 1579± 320

NGC4569
[a] − 2.0 42± 10 24 [5] − 463± 95

NGC4579
[a,b] − 1.9 30± 5 − 440 [29] 325± 74

NGC4593
[b,c] − 1.0 127± 40 134 [8] 3710 [42] 1428± 304

NGC4602
[b] − 1.9 < 66 134 [8] − 70± 18

TOL1238-364
[b] − 2.0 145± 23 194 [18] 17 [11] 779± 161

M-2-33-34
[b] − 1.0 670± 145 364 [8] − 175± 57

MRK231
[b] − 1.0 233± 70 230 [1] 68 [11] 5960± 1192

NGC4826
[a] − 2.0 139± 41 − − 540± 108

NGC4922
[b] 2.3 2.0 − 64 [5] − 476± 96

NGC4941
[b] − 2.0 285± 43 143 [18] 82 [11] < 513

NGC4968
[b,c] − 2.0 307± 45 177 [8] 15 [13] 742± 156

NGC5005
[a,b] − 2.0 179± 21 7 [1] − 344± 69

NGC5033
[a,b] − 1.8 109± 23 53 [1] 550 [29] 211± 43

MCG-03-34-064
[a,b] − 1.8 1062± 153 1507 [8] 210 [43] 2206± 442

NGC5135
[b] − 2.0 726± 147 219 [44] − 808± 161

NGC5194
[b] −0.2 2.0 227± 47 120 [34] 48 [16] 199± 46

M-6-30-15
[b,c] − 1.2 227± 34 75 [19] 4220 [37] 1425± 313

IRAS13349+2438
[a,b] ? 1.0 64± 9 47 [7] 360 [45] 3194± 673

MRK266
[b] 1.5 2.0 349± 77 23 [34] 56 [23] 72± 14

MRK273
[a,b] − 2.0 474± 142 213 [5] 60 [29] −

IC4329a [a,b] − 1.2 1061± 156 340 [12] 16400 [46] 4140± 968

NGC5347
[a,b,c] 1.5 2.0 54± 9 45 [8] 22 [47] 628± 129

MRK463E [a,b] − 2.0 639± 96 563 [1] 40 [29] 2295± 461

NGC5506
[b] 1.7 1.9 2492± 360 521 [28] 5800 [48] 4222± 844

NGC5548
[a,b,c] − 1.5 141± 24 360 [8] 4300 [49] 726± 174

MRK817
[a,b] − 1.5 73± 12 140 [1] − 950± 244

PG1501+106
[a] − 1.5 246± 36 250 [1] 1869 [11] −

NGC5929
[a,b] − 2.0 < 114 93 [1] 197 [11] 32± 8

NGC5953
[b] − 2.0 172± 25 63 [3] − 259± 52

M-2-40-4 [b] − 2.0 115± 19 74 [12] 2693 [11] 1586± 382

F15480-0344
[b] − 2.0 364± 53 138 [8] 37 [13] < 838

ESO141-G055
[b] ? 1.0 107± 16 164 [8] 2650 [50] −

IRAS19254-7245
[a,b] − 2.0 105± 31 602 [51] 20 [52] < 323

NGC6810
[b] − 2.0 68± 13 13 [7] − 838± 168

NGC6860
[b,c] − 1.0 122± 18 25 [19] 4900 [26] < 2201

NGC6890
[b] − 2.0 90± 13 72 [18] 8 [11] 410± 97

MRK509
[a,b] − 1.2 286± 44 540 [8] 5660 [53] 1221± 254

UGC11630
[c] − 2.0 175± 28 − − 280± 77

IC5063
[a,b,c] − 2.0 1139± 167 564 [8] 1200 [29] 2949± 598

UGC11680
[b] − 2.0 45± 13 88 [54] − < 686
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Table 6: continued.

Source H2O Sy [O IV] [O III] 2-10 keV 7.6 µm

PG2130+099
[a] ? 1.0 103± 16 104 [8] 530 [55] 861± 277

IC5135
[b] − 2.0 300± 40 27 [30] 6 [36] 451± 90

NGC7172
[b] − 2.0 384± 39 10 [56] 2200 [6] 522± 104

IRAS22017+0319
[b] ? 2.0 287± 42 218 [8] 360 [57] −

NGC7213
[a,b,c] − 1.5 45± 8 130 [8] 3660 [14] 798± 202

3C445
[a,b] − 1.0 71± 14 − 700 [58] 765± 242

NGC7314
[a,b] − 1.9 690± 101 61 [3] 3560 [29] 249± 65

UGC12138
[a,c] − 1.8 105± 15 144 [8] − 273± 57

M-3-58-7 [b] − 2.0 117± 19 251 [7] − 1186± 272

NGC7469
[a,b] − 1.2 322± 48 840 [1] 2900 [49] 2298± 460

NGC7582
[a,b] − 2.0 2449± 587 300 [1] 1550 [29] 309± 61

NGC7590
[b] − 2.0 58± 18 11 [18] − 70± 17

NGC7603
[a,b] − 1.5 24± 4 29 [1] 2400 [14] 1619± 339

NGC7674
[a,b,c] − 2.0 448± 110 718 [8] 50 [29] 1095± 248

NGC7679
[a] − 1.0 350± 36 472 [5] 458 [11] −

CGCG381-051
[b] − 2.0 < 72 5 [8] − 317± 102

Additional off-sample data

NGC253 −0.8 2.0 1519± 239 − − −
NGC449 1.7 2.0 − 330 [1] 13 [13] −
NGC591 1.4 2.0 − 1780 [3] 18 [11] −
NGC613 1.3 2.0 − − − −
IC184 1.4 2.0 − − − −
NGC1052 2.1 2.0 − − 112 [36] −
NGC1106 0.9 2.0 − − − −
MRK1066 1.5 2.0 − 5140 [3] 36 [13] −
IRAS03355+0104 2.7 2.0 − 76 [8] − −
IC342 −2.0 2.0 − 34 [59] − −
UGC3255 1.2 2.0 − − − −
VIIZw73 2.2 2.0 − 74 [8] − −
NGC2273 0.8 2.0 187± 56 330 [3] 69 [18] 1014± 204

MRK78 1.5 2.0 792± 82 653 [60] − 422± 91

MRK1210 1.9 2.0 209± 26 285 [18] 840 [61] 1244± 260

2MASXJ08362280 3.4 2.0 − − − −
NGC2979 2.1 2.0 − 11 [18] − −
IC2560 2.0 2.0 558± 85 125 [18] 39 [62] 469± 115

MRK34 3.0 2.0 626± 76 520 [1] 35 [11] 244± 67

NGC3735 1.3 2.0 − 330 [59] − −
NGC4258 1.9 1.9 76± 13 100 [63] 837 [16] 576± 132

ESO269-12 3.0 2.0 − 6 [18] − −
NGC4945 1.7 2.0 320± 49 − 1300 [64] −
NGC5495 2.3 2.0 − − − −
Circinus 1.3 2.0 8599± 1231 83 [65] 1400 [66] 39011± 7803

NGC5643 1.4 2.0 940± 142 800 [1] 84 [18] −
NGC5728 1.9 1.9 1162± 117 115 [18] 133 [6] 220± 44
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Table 6: continued.

Source H2O Sy [O IV] [O III] 2-10 keV 7.6 µm

NGC5793 2.0 2.0 − − 13 [11] −
NGC6240 1.6 2.0 236± 35 202 [5] 91 [36] 483± 96

NGC6264 3.1 2.0 − 3200 [67] − −
NGC6323 2.7 2.0 − − − −
NGC6300 0.5 2.0 304± 33 140 [68] 860 [69] 887± 177

Eso103-G035 2.6 2.0 − 43 [18] 907 [70] −
IRAS19370-0131 2.2 2.0 − − − −
NGC6926 2.7 2.0 45± 7 241 [5] − 64± 13

AM2158-380 2.7 2.0 − − − −
NGC7479 1.2 2.0 < 136 − 112 [71] −
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a.7 figures

Observer/Script ACS
Telescope

server

Freemotion
library

Device
driver

Stepper,
encoder

UDP, ACE

Figure 53: Chain of software interactions between observer’s script and telescope device. Red
is the human-controlled component, blue represents the software and the hardware
is green.

Word count Resource ID

Command ID

Data packet 1

Data packet 2

· · ·

Data packet n

Return vector 0x0A

Figure 54: Format of the packets that are handled by the National Instruments 7344 PCI card
in order to process a command that contains n data blocks. The bigger blocks are
16 bit unsigned integers, while the smaller ones represent 8 bit blocks accordingly.
The blocks colored in red denote essential header and footer packets of the commu-
nication. The blue packets are generally optional and depend on the Command ID.
“Word count” is the complete number of data words plus header and footer (thus
plus 3). “Resource ID” is the axis, encoder, vector space, ADC or DAC channel on
the motion controller card. “Command ID” is an integer representation of one of
the API motion commands. “ Data packets” are limited to unsigned 16 bit integers.
If a 64 bit double has to be send by the packet generator, it must be sliced bit-wise in
four 16 bit blocks, in advance. “Return vector” is the source or destination address
of data to send or receive.
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python v16obs.py
hard- and
software

reachable?

plan exists
for current

date?

stop ob-
servations

logfile
exists for
current
date?

process
remaining

tasks

create
logfile

BIAS
DARK

(exptime,
amount)

check
weather
and roof

POINT
(filter,

exptime,
amount)

LIGHT
(name, ra,
dec, filter,
exptime,
amount)

FLAT
(filter,

amount)

observable?
(time, co-
ordinates,
weather,

roof) then
expose,
wait or

skip

END

MOUNT:
OFF (close
tube and

park)
waituntil

(dusk,
dawn)

no

yes no

yes

yes

no

bad

ignores

expose

expose

expose expose

check

check

check

Figure 55: Workflow of the observations script.
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Figure 56: Example diagnostic plot of a successfully applied observation plan on August 28th
2012. Elevation versus time. The blue inner axis is stretching for the time of dark-
ness in the night (sun is 12◦ below horizon) and is calibrated to local sidereal time
(LST). The colored curves represent the altitude of the objects while they are being
observed, with name-tags connected to them. If an object is critically low (< 40◦),
the connection line is marked thick red, containing an error message. Here, the last
images of AKN557 will eventually not be taken. The dotted curve is the altitude of
the moon. This helps to determine optimally dark time for precision photometry
targets.
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v16_pipeline.pro
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Figure 57: Workflow of the data reduction routine v16_pipeline.pro. Calibration data are flat-
fields, dark-, and biasframes. The pipeline has a fixed amount of required calibra-
tion images (e.g. 20 darkframes, 10 flatfields in Johnson V-Band). If there are not
enough calibration images at the selected observation date, the pipeline will search
for alternative calibration data in the nearest neighboring observation dates until
the required number of images is found. Uncertain matchings to reference catalogs
can mean a reliable shift, but uncertain image distortion parameters. In this case,
median distortion parameters will be used instead. Images that can’t be matched
or show defects of tracking are rejected and not used, when combining the final
image.
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Figure 58: Histogram statistic for the PV distortion and CD projection coefficients for 10699

analyzed single images in the 670nm narrow band filter.
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