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ABSTRACT

Variability selection has been proposed as a powerful tool for identifying both low-luminosity
active galactic nuclei (AGN) and those with unusual spectral energy distributions. However,
a systematic study of sources selected in such a way has been lacking. In this paper, we
present the multiwavelength properties of the variability-selected AGN in GOODS-South. We
demonstrate that variability selection indeed reliably identifies AGN, predominantly of low
luminosity. We find contamination from stars as well as a very small sample of sources that
show no sign of AGN activity, their number is consistent with the expected false positive
rate. We also study the host galaxies and environments of the AGN in the sample. Disturbed
host morphologies are relatively common. The host galaxies span a wide range in the level of
ongoing star formation. However, massive starbursts are only present in the hosts of the most
luminous AGN in the sample. There is no clear environmental preference for the AGN sample
in general but we find that the most luminous AGN on average avoid dense regions while
some low-luminosity AGN hosted by late-type galaxies are found near the centres of groups.
AGN in our sample have closer nearest neighbours than the general galaxy population. We
find no indications that major mergers are a dominant triggering process for the moderate-
to low-luminosity AGN in this sample. The environments and host galaxy properties instead
suggest secular processes, in particular tidal processes at first passage and minor mergers,
as likely triggers for the objects studied. This study demonstrates the strength of variability
selection for AGN and gives first hints at possibly triggering mechanisms for high-redshift

low-luminosity AGN.
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1 INTRODUCTION

While our understanding of the physics of active galactic nuclei
(AGN) has grown considerably over the last decades, an important
questions about AGN remains unanswered until today: How are
AGN triggered? This question has become of interest also for a
wider field of astronomy research when it became clear that AGN
likely play an important role in the evolution of galaxies. The masses
of the central black holes in nearby galaxies correlate surprisingly
well with the properties of their hosts (Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Graham et al. 2001, 2011; Novak, Faber &
Dekel 2006). It has been argued that these correlations imply a
causal connection between AGN and their hosts, or at least the
galactic bulges of their hosts (e.g. Silk & Rees 1998). However,
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other authors have argued that the data do not necessarily imply
a casual connection (Peng 2007; Jahnke & Maccio 2011), but can
be explained by progression to the mean during mergers through-
out cosmic time. Furthermore, the fact that both star formation
and AGN activity peak around a redshift of two has been used
as an argument for a causal connection between AGN and galax-
ies (e.g. Boyle & Terlevich 1998; Merloni, Rudnick & Di Matteo
2004).

Theoreticians have suggested several mechanisms in which AGN
activity and galaxy evolution could be connected (e.g. Sanders &
Mirabel 1996; Silk & Rees 1998; Hopkins et al. 2008). Major merg-
ers of galaxies have been the main mechanisms discussed (Sanders
& Mirabel 1996; Silk & Rees 1998; Hopkins & Hernquist 2009),
in particular for the most luminous quasars. The evidence for major
mergers as triggers for AGN activity has been mixed (e.g. Canal-
izo & Stockton 2001; Hopkins et al. 2008; Cisternas et al. 2011a;
Kocevski et al. 2012; Schawinski et al. 2012, and references therein)
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and latest studies seem to imply that earlier findings are mostly due
to selection effects (Cisternas et al. 201 1a; Kocevski et al. 2012). Re-
cent studies have also emphasized that other mechanisms might play
a role in triggering AGN activity in particular for low-luminosity
AGN and heavily obscured systems (Hopkins & Hernquist 2009;
Bournaud et al. 2011). These studies have emphasized that to prop-
erly understand AGN activity, one needs to study a wide range of
AGN types, both in luminosity and obscuration.

Host galaxy studies commonly focus either on low-redshift sys-
tems (e.g. Canalizo & Stockton 2001; Veilleux et al. 2009) or
high-luminosity quasars at high redshift (e.g. Schramm, Wisotzki
& Jahnke 2008; Villforth, Heidt & Nilsson 2008; Kocevski et al.
2012). A part of the parameter space that has been poorly ex-
plored are low-luminosity AGN at high redshift, this is in particu-
lar due to the difficulty in identifying high-redshift low-luminosity
AGN.

Variability selection has been used as a powerful tool for selecting
AGN, in particular due to the emergence of large surveys in the last
decades (Schmidt et al. 2010; MacLeod et al. 2011). In particular,
applying it to high-resolution Hubble Space Telescope (HST) data
has been recognized as a valuable tool for selecting AGN at low
luminosities up to high redshift (e.g. Sarajedini, Gilliland & Kasm
2003; Villforth, Koekemoer & Grogin 2010; Sarajedini et al. 2011).
In a recent paper, Villforth et al. (2010) published a catalogue of
variability-selected AGN in the Great Observatories Origins Deep
Survey (GOODS) fields, containing a total of 155 variable sources,
88 of those located in GOODS-South (GOODS-S). The objects
found in this study are predominantly of Seyfert luminosities and
have dominant host galaxies. In this paper, we aim to analyse the
multiwavelength properties of the 88 variability-selected AGN can-
didates. We will summarize the properties of variability-selected
AGN and re-evaluate the issue of contamination from stars and
false positives. We will also analyse this particular sample to assess
questions concerning the likely triggering mechanisms and environ-
ments of lower luminosity AGN at higher redshift. This study will
therefore explore a part of AGN parameter space that has been ne-
glected so far and analyse the strength and weaknesses of variability
selection.

The paper is structured as follows. Section 2 recaps the sample
selection from Villforth et al. (2010) and presents a short summary
of data used in this study. Section 3 analyses the spectral energy dis-
tributions (SEDs) and general properties of the variability-selected
sources and discusses contamination by both stars and false posi-
tives. Host galaxies are analysed in Section 4. Section 5 discusses
environments of variability-selected AGN, followed by a discussion
of the results in Section 6 and summary and conclusions in Section
7. The cosmology used is Hy = 70km s~ Mpc™!, Q, = 0.7, Qy, =
0.3. Throughout the paper, we use AB magnitudes.

2 DATA

2.1 Sample

In this study, we will use the variability-selected sample from a pre-
vious study by the authors, details of the method used can be found
in Villforth et al. (2010), but the basic methods will be discussed
here shortly.

Variability selection is performed on five epochs of GOODS data
taken with the Advanced Camera for Surveys (ACS) Wide Field
Channel (WFC) aboard HST in the F850LP (z) band. Data reduction
is performed using MurtiDrizzLE (Koekemoer et al. 2002, 2011).
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The five epochs were separated by about 6 weeks in time, overall
spanning about 7 months. An initial selection was performed to
reject objects with signal-to-noise ratio (S/N) < 20 in the combined
five epoch data. Additionally, only objects with good data in all five
epochs were included.

The flux measurements were done by simple aperture photom-
etry, tests were done with a range of aperture sizes, but finally an
aperture radius of 0.36 arcsec was chosen. Errors were determined
using weight maps and corrected using the full sample. Visual in-
spection was performed to check for diffraction spikes and affected
objects were discarded. The final sample was then selected using
a C statistic. A significance level of 99.9 per cent was chosen to
limit contamination by false positives, additionally a more rigor-
ous ‘clean’ catalogue (significance level 99.99 per cent) which is
expected to contain only one false positive is provided.

All sources where then cross-checked with a number of cata-
logues and data bases to reject stars. After this, in the GOODS-S
field 88 objects were variability selected, of which 14 were identi-
fied as stars, leaving 74 AGN candidates. We expect six sources to
be false positives.

2.2 Short description of data sets used

In this study, we combine three different data sets covering
the GOODS-S field: the photometric redshift and multiwaveband
optical—infrared (IR) catalogue used in Dahlen et al. (2010), the
Chandra Deep Field-South (CDF-S) 4-Ms X-ray catalogue from
Xue et al. (2011) as well as the CDF-S Very Large Array (VLA) 20
and 6 cm from Kellermann et al. (2008).

We use photometric redshifts and multiwavelength data from
Dahlen et al. (2010). This data set includes photometric data for
the following bands: Very Large Telescope (VLT)/Visible Multiob-
ject Spectrograph (VIMOS; U band), HST/ACS (F435W, F606W,
F775W and F850LP bands), VLT/Infrared Spectrometer and Array
Camera (ISAAC; J, H and K bands) as well as four Spitzer/Infrared
Array Camera (IRAC) channels (3.6, 4.5, 5.8 and 8.0 um).

The spatial resolution for the data at different wavelength is as fol-
lows: 0.11 arcsec for the HST data, 0.35-0.65 arcsec for the ground-
based IR data, 0.8 arcsec for the U-band data and 1.7-1.9 arcsec
for the IRAC data. The resolution for the Chandra data is about
0.5 arcsec with a typical spatial uncertainty of 0.4 arcsec. Finally,
the VLA data have a typical resolution of about 3.5 arcsec.

We also use the CDF-S 4-Ms catalogue from Xue et al. (2011),
this catalogue considerably improved the sensitivity from existing
X-ray catalogues (Luo et al. 2008) to 3.2 x 107'7,9.1 x 10~'®
and 5.5 x 1077 ergcm™2s~! for the full, soft and hard bands,
respectively. Radio data at 1.4 GHz (20 cm) and 4.8 GHz (6 cm) are
taken from Kellermann et al. (2008), with a rms per beam between
9 and 43 uJy for the 20-cm band (lowest rms beam™"! is reached in
the centre of the field).

Both X-ray and radio catalogues are matched to the z-band
variability-selected catalogue in a simple radius matching tech-
nique. Matching radii correspond to the typical resolution of the
data. The matching procedure is analysed to verify that there are
no offsets between the coordinate systems. For this purpose, we
analyse the distributions of distances in both right ascension and
declination and check for offsets from zero. These offsets are then
corrected for and the matching process is iterated. We find a small
offset of about 0.1 arcsec in both right ascension and declination for
the 4-Ms data only. Correcting for it however does not significantly
change the number of matches. No offset is found in the radio data
matching.
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3 SPECTRAL ENERGY DISTRIBUTIONS
AND GENERAL PROPERTIES OF
VARIABILITY-SELECTED AGN

With a 99.99 per cent significance level, 88 variable objects were
found in GOODS-S, after rejecting stars, 74 variability-selected
AGN remain, of those sources, 21 had reported spectroscopic red-
shifts (Villforth et al. 2010). 21 additional sources have spectro-
scopic redshifts reported in the current paper, yielding a total of
42 sources with spectroscopic data. Three of the 88 initial sources
do not show up in the multiwavelength catalogue and are thus
discarded, leaving 71 objects studied here. All references for the
spectroscopic redshifts can be found in Table Al in Appendix A.
Spectroscopic redshifts range from 0.0459 to as high as 3.7072.
Adding the photometric redshift data from Dahlen et al. (2010)
gives us redshift estimates for the rest of the sources. The photo-
metric redshifts range from 0.04 to 4.34. The mean and median of
the redshift distribution are 0.94 and 0.6.

3.1 SED fitting procedure

We make use of the wide wavelength coverage in the optical—
near-IR (NIR) available for GOODS-S. As a comparison, we use
the Spitzer Wide-Area Infrared Extragalactic (SWIRE) template li-
brary,! which provides templates over a wide wavelength range for
normal quiescent elliptical and spiral galaxies, starburst galaxies,
quasars as well as mixed starburst and AGN objects. The tem-
plates are based on data from Silva et al. (1998), Gregg et al.
(2002), Berta et al. (2003), Hatziminaoglou et al. (2005) and Polletta
et al. (2006). Additionally, we use the Kurucz (1993) stellar models
(Kurucz 1979).2 SED fitting is performed using a simply least-
square minimization technique. In a first step, stellar SEDs at a
redshift of zero are fit to identify stellar contaminants, this is dis-
cussed in Section 3.1.1. AGN/galaxy combination fits as well as
typical errors, caveats, possible biases and sources of systematic
errors are then discussed in Section 3.1.2.

3.1.1 Rejection of stars

Variable stars are a possible contaminant to the variability-selected
AGN sample. While the GOODS-S field is located far from the
galactic plane, halo stars could still be present. It is also known that
many stars show variability on time-scales larger than a few hours,
with a majority showing variability on the scale of a few per cent
on week and month time-scales (e.g. Bryden et al. 2011; Hartman
et al. 2011). While this is generally shorter than typical variability
time-scales of AGN, which tend to be on the order of weeks instead
of hours (e.g. Kelly, Bechtold & Siemiginowska 2009), stars will
still show detectable variability on the month time-scales sampled
by the data. Therefore, initially selecting against point sources is
not useful since quasars are point sources.

In Villforth et al. (2010), we identified 14 objects as stars through
archive searches. Using SED fitting, we additionally identify 10
objects as stars, usually of G-M-type stars. Note that a majority of
these stars were identified as low-redshift early-type galaxies in the
photometric redshift catalogues due to their SED shape. Only the
mid-IR data allow us to reliably distinguish those objects from faint
red galaxies.

Uhttp://www.iasf-milano.inaf.it/polletta/templates/swire_templates.html
2 Downloaded from http://www.stsci.edu/hst/observatory/cdbs/k93models.
html

In the following analysis, we will no longer include objects iden-
tified as stars through either SED fitting or through literature search.
They are still listed in Table A2 in Appendix A. After flagging all
stellar objects, a total of 61 non-stellar variability-selected sources
remain. We will not further consider objects identified as stars
and continue with those 61 objects, which we will label AGN
candidates.

3.1.2 Combination fits of remaining AGN candidates

For the sample of 61 AGN candidates, we perform mixed SED fits.
This means that we fit a mixture of AGN and galaxy SEDs, we per-
form these fits for a range of different input SEDs for both the AGN
and galaxy components. In total six different AGN SEDs and 11
different galaxy SEDs where used. For each of those combinations,
we vary the fractional distribution of the galaxy and AGN in the z
band and fit the combined SED. The best fits for each combination
are then compared and the overall best fit is selected. All results of
the SED fits are provided in Table A1 in Appendix A.

Out of the 61 objects, a clear best fit was found for 47 objects.
For the other 14 objects, the fit was ambiguous. We could not de-
termine the properties of those sources reliably. The sources with
failed fits are predominantly faint, extended and show clear dis-
turbed morphology. The failed fits might be due to several reasons.
Because of the long time-span over which the data were taken, the
AGN variability can cause excess scatter. Strong line emission could
cause additional bumps in the SED and multiwavelength photome-
try might be less reliable for sources with complex morphology due
to the differences in resolution. Additionally, failed fits generally
show erratic SEDs that might be indicative of an AGN-dominated
SED with strong variability. The failed fits will be discussed in more
detail in Section 3.7.

The SED fits contain several sources of errors. We will first
qualitatively discuss different influences and then quantify these
effects to derive expected errors on determined magnitudes.

(i) Variability. The AGN in this sample were selected through
their variability. Because of the fact that the multiwavelength data
were taken over a time-span of several years (Dahlen et al. 2010),
the AGN variability causes additional scatter in the SED that are not
accounted for in the photometric errors. This causes poorer fits than
expected. Therefore SED fitting is especially difficult for sources
that are AGN dominated, as well as for those with already large
photometric errors (see also Section 3.7). A proper treatment of
this effect is complicated since variability strength varies across the
SED and photometric data are often taken over a wide time-span
(Dahlen et al. 2010). This is beyond the scope of the current project.
However, we do not expect this effect to cause systematic errors in
our fits.

(ii) Size of template library. For template fitting, there is a trade-
off between using a large set of templates and therefore being able
to account for subtle differences in the SEDs against using a smaller
subset, resulting in less accurate fits but more robust results. Because
of the complexity of the SEDs, we decide for a limited template li-
brary. A larger number of templates will cause difficulties in finding
global minima in the fit.

(iii) Unclear redshift. Two-thirds of the AGN (42/61) in this
sample have spectroscopic redshifts, leaving 19 objects for which
we rely on photometric data. Some of the spectroscopic redshifts are
of lower quality (i.e. rely on noisy spectra or single line detections).
While the photometric redshifts of sources with significant galaxy
contribution are relatively reliable (see Section 3.2), some of the
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Figure 1. Percentage contribution of AGN in z plotted against absolute z-
band AGN magnitude. Only sources with successful fits that have not been
identified as false positives are shown. Errors in the AGN magnitudes are
between 0.1 and 0.5 mag, and errors in the AGN contribution are <5 per
cent points.

sources have very uncommon SEDs and we cannot find reliable
redshift fits. While the majority of the sample has accurate enough
redshifts to have little influence on the resulting fits, a few sources
have SEDs for which we cannot determine the proper redshift (see
Section 3.7 as well as Fig. 13).

Taking into account the factors mentioned above as well as typ-
ical uncertainties in the fit, the resulting errors in the AGN and
galaxy magnitudes are typically 0.5-0.7 mag for the non-dominant
component and around 0.1 mag for the dominant component. Errors
in the percentage contribution are typically 1-5 per cent points.

To determine the actual luminosity of the AGN component, it
is important to disentangle the contribution of galaxy and AGN.
Fig. 1 shows the contribution of the AGN to the overall magnitude
for all variability-selected sources for which the fit succeeded. The
AGN contribution can be as low as ~5 per cent. In the following,
we will call sources with >190 per cent AGN contribution in z
AGN dominated, those with <10 per cent AGN contribution galaxy
dominated and all others mixtures. Fig. 2 shows the magnitudes
and redshifts of AGN dominated, mixture and galaxy-dominated
sources. Galaxy-dominated sources are only present at very low
redshifts where the small aperture used in Villforth et al. (2010)
only includes a small proportion of galaxy light and therefore makes
the detection of variability of a faint source against a background
galaxy easier. A majority of sources beyond redshift 0.5 are mixture
objects.

3.2 Redshift distribution of AGN candidates and accuracy
of photometric redshift

Comparing the photometric redshifts of all GOODS-S sources to
the AGN candidates, we see that the variability-selected sources are
predominantly at rather low redshift. About 1 per cent of all sources
in the z-band catalogue are detected to be variable at a redshift be-
low 0.5. The fraction of variability-selected AGN candidates drops
off at higher redshift. The lower S/N for objects at higher redshift
makes it harder to detect variability for those sources. On the other
hand, the fact that the spectrum is redshifted and therefore shorter
wavelengths are sampled for higher redshift objects makes detec-
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Figure 3. The distribution of photometric redshifts for all GOODS-S
sources, all variability-selected sources and variability-selected AGN can-
didates only.

tion at higher redshifts more efficient since variability is stronger at
shorter wavelengths (Vanden Berk et al. 2004; Trevese et al. 2008).
Our results show that the drop in S/N dominates over the favourable
change in observed rest-frame wavelength (see Fig. 3). Since more
stars were identified in this paper, we also show the redshift dis-
tribution with those objects removed (third panel from top). The
overall trend does not change significantly after removing stars.
Interestingly, Sarajedini et al. (2011) found an increase in the
percentage of galaxies with varying nuclei with increasing red-
shift (their fig. 8). The primary reason for this appears to be due
to the different wavelength at which the variability surveys were
conducted. In the V band, the distribution of galaxies is weighted
towards lower redshifts when compared to the z-band survey (see
fig. 8ain Sarajedini et al. as compared to the top panel in our Fig. 3).
While the redshift distribution of V- and z-band selected variables
is similar, the galaxy distributions are not. Thus, the trend in the
percentage of galaxies hosting variables as a function of redshift in
the two surveys differs. The fact that the redshift distributions of the
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Photometric Redshi ft

Spectroscopic Redshi ft

Figure 4. The relation between photometric and spectroscopic redshifts
from Dahlen et al. (2010). Small black dots show all objects from Dahlen
et al. (2010) and red circles show all variability-selected AGN with spec-
troscopic redshifts, error bars for variability-selected AGN show the 68 per
cent confidence limits.

variable AGN samples are quite similar regardless of their parent
populations is a testament to the robustness of using variability to
identify low-luminosity AGN across a range of redshifts.

One of the main reasons to use variability was to find lower
luminosity AGN at higher redshift, the absolute magnitudes of our
sample are shown in Fig. 1. As we can see, the variability-selected
AGN are of moderate luminosity, a majority of the sources lie below
the nominal upper limit for Seyfert galaxies of M = —23 (Veron-
Cetty & Veron 2006), showing that variability selection is capable of
identifying low-luminosity AGN. The lack of luminous AGN is not
entirely surprising since those sources are generally rare in pencil
beam surveys such as GOODS due to their low number density.

In photometric redshift codes, galaxy templates are fitted to multi-
waveband data. Since AGN spectra are distinct from galaxy spectra,
there is concern that the code might be less accurate in determining
redshifts. Fig. 4 shows a comparison between the photometric and
spectroscopic redshift for the 42 objects with spectroscopic data.
We see that in most cases the agreement is very good with a few
strong outliers, all of which are later on found to have SED domi-
nated by the AGN emission. Therefore, we caution that this finding
should not be generalized to the general accuracy of photometric
redshifts for AGN since the AGN in this sample are generally of
low luminosity.

Inspecting the SEDs of the AGN candidates shows why this is the
case: the stellar IR bump stays prominent in most lower luminosity
AGN, leaving a Balmer break that allows us to constrain the redshift.
This is explored in more detail in the following sections. On the other
hand, AGN-dominated sources have SEDs that make it difficult or
even impossible to derive redshifts. See for example the SED of the
likely blazar in Fig. 10.

3.3 Detailed description of variability-selected AGN SEDs

In this section, we will discuss the SEDs of variability-selected
AGN in detail and argue that there are clear signs of AGN activity
in a vast majority of the variability-selected AGN sample.

3.4 Properties of X-ray-detected AGN

Next, we analyse the X-ray properties of the AGN candidates. 20
variability-selected AGN have X-ray detections, 14 were already
detected in the previous 2-Ms data (Luo et al. 2008). Thus six are
only detected in the deeper 4-Ms data. The X-ray-detected sources
have a wide range of luminosities and range from moderate to high
redshifts, see Fig. 5. It should also be noted that Fig. 5 (as well
as Fig. 15) shows the integrated observed z-band magnitudes of
the sources, i.e. the galaxy contribution is not subtracted in these
plots, and actual AGN magnitudes are fainter. Additionally, since
we show the same filter for the whole redshift range, the rest-frame
wavelengths covered are quite different.

Fig. 6 shows the distribution of spectral indexes I" from Xue et al.
(2011) for the full 4-Ms sample as well as the variability-selected
AGN. The spectral indexes of the variability-selected AGN are soft,
ranging from —0.1 to 2.3. Typically the line between soft (unob-
scured) and hard (obscured) AGN is drawn at a I' = 1, with larger

M, (Observed)

% X-ray Detected H
e Radio Detected
Il Il

_15.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Figure 5. The redshifts and observed frame z magnitudes of all variability-
selected AGN, X-ray and radio detections are overplotted. The magnitudes
are shown for the entire object, i.e. contribution from the host galaxy is not
subtracted off. The solid and dotted lines show the 68 per cent/95 per cent
confidence regions for the objects with photometric redshifts.

1.0 All X—ray Sources
~ ! !

Figure 6. The distribution of I' for the full X-ray sample as well as the
variability-selected AGN (bottom) panel.
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Figure 7. X-ray versus UV absolute luminosity for all X-ray sources (black
dots) as well as X-ray-detected variability-selected AGN. X-ray fluxes are
full Chandra fluxes (0.5-8 keV).

I' values indicating softer spectra (Xue et al. 2011). Of our sam-
ple, only three sources lie below this line (J033217.06—274921.9,
J033224.54—274010.4 and J033228.30—274403.6). Of those three
sources, two have low S/N, making the derived spectral indices un-
reliable (J033224.54—274010.4 and J033228.30—274403.6). The
other source (J033217.06—274921.9) appears to be obscured in the
X-ray, it is unclear if the variability selection is due to some weak
variability from obscured emission, or if the source shows a pecu-
liar X-ray spectrum. Besides those sources, our sample includes a
majority of AGN with soft spectral indexes, as expected from the
fact that variability selection strongly favours unobscured sources.
This is consistent with the result of Sarajedini et al. (2011) where
V-band selected variables were found to have generally softer X-ray
spectra based on hardness ratios.

The optical to X-ray ratio of AGN has been studied in detail and
shows arather small dispersion (Brandt, Laor & Wills 2000; Strateva
et al. 2001). Fig. 7 shows the correlation between the 0.5-8 keV
X-ray flux and optical luminosity for both the AGN candidates and
the general 4-Ms catalogue, for sources without X-ray detection,
we show the catalogue upper limits. The AGN candidates follow
the general trend of the X-ray catalogues, however, they avoid the
area of very X-ray-dominated AGN. The AGN candidates cover
almost the whole range in X-ray luminosities. X-ray detections are
provided in Table A1l in Appendix A.

Nine of the twenty X-ray detected AGN are morphologically
dominated by the AGN. 11 are clearly extended. Of the nine
point-source-dominated objects, only two have clearly visible host
galaxies. The absorption corrected X-ray luminosities for the point
sources with X-ray detection range 2.3 x 10¥-3.6 x 10* ergs™!
placing them just below the knee of the X-ray luminosity function
(Aird et al. 2010).

The 11 extended sources with X-ray detections have luminosities
lower than those of the point sources, ranging between 3.4 x 10%°
and 4.6 x 10" ergs™!, all the way from low-luminosity to mod-
erately luminous AGN. This reaches down to the limits found for
local ultralow-luminosity AGN (Ho 2008). The morphologies of the
extended X-ray-detected AGN are varied: three late-type galaxies,
three early-type galaxies, three disturbed systems as well as two
clear disc—bulge mixtures. Two of the discs show clear central point

© 2012 The Authors, MNRAS 426, 360-376
Monthly Notices of the Royal Astronomical Society © 2012 RAS

Variability-selected AGN in GOODS-S 365

J033252.88-275119.8

1935||||||| T T T T TTTTH
W . =
= [~ ]
2 n i
=
Gl = .7 —
x S . E
X 2 . 3
~ - R 3
L | 7z —
-
16° | i e o Object H
EN -~ TQso :
-l -- N6690 H
-l H
W — TQSO + N6690
19-1 S || I L1l || I I ) -

10* 10° 10°
Wavelength A

Figure 8. Multiwavelength SED of J033252.88—275119.8, overlaid the
best-fitting mixture. Inset plots show a 5 x 5 arcsec? cut-out of the object
inz.

sources, one shows a weak tidal tail, one of the irregular systems is
classified as a train-wreck merger.

Out of the 20 X-ray-detected sources, five show SEDs clearly
dominated by the galaxy, with best-fitting SEDs having very low
levels of star formation. Inspection of the ACS B-band imaging
data for all objects with galaxy-dominated SEDs show clear central
compact sources.

Seven objects are classified as mixture objects, with AGN con-
tributions in z ranging from 20 to 50 per cent. All of these show
clear excess both bluewards of the Balmer break and in the IRAC
bands with respect to galaxy templates. A representative example
is shown in Fig. 8.

The five objects with quasar-dominated SEDs are all point
sources. Their SEDs are relatively flat spectra over a wide wave-
length range. Redshifts for those objects are problematic. Several
redshifts seem wrong even though they are spectroscopic. The fea-
tureless spectra make it difficult to determine proper redshifts.

One spectacular variability-selected object with X-ray detection
is J033228.30—274403.6. The object has a photometric redshift
of 3.25. The SED is fit reasonably by either a spiral or a Seyfert
1.8 SED. However, there are erratic jumps in the SED that indicate
variability. The object is detected in the soft X-rays, but not the hard
X-rays. The X-ray luminosity is 2.12 x 10¥ ergs~'. The SED, as
well as the image in z, is shown in Fig. 9. The object is relatively
faint, extended and highly disturbed. This fascinating source shows
the incredible power of variability selection.

3.5 Properties of radio-detected AGN

Radio emission is prominent in only about 10 per cent of all
AGN, however, in those radio-loud objects it can be signifi-
cant. We therefore investigate the radio properties of the AGN
candidates. Only five sources have radio detections. Of the five
radio-detected variable AGN, three are radio-loud, J033210.91—
2744149, J033217.14-274303.3 and J033239.47-275300.5.
J033210.91-274414.9 and J033217.14—274303.3 are also de-
tected in the X-ray. Morphologically, they are distinct, J033210.91—
2744149 and J033217.14—274303.3 are point sources, while
J033239.47—-275300.5 is located in a close pair of galaxies with
a weak stellar bridge. Of the five radio-detected AGN, two are
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Figure 9. Multiwavelength SED of J033228.30—274403.6, overlaid the
two best-fitting SEDs. Inset plots show a 5 x 5 arcsec? cut-out of the object
in z.
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Figure 10. Multiwavelength SED of J033210.91—-274414.9, overlaid sev-
eral of the best-fitting SEDs, redshifted to the spectroscopic redshift of 1.613
derived for this object. The best-fitting SED was QSO 1, followed by QSO 2
and Mrk 231. Inset plots show a 5 x 5 arcsec? cut-out of the object in z.

low-redshift spirals and three are point-like objects. Three of the ra-
dio objects are also detected in the X-ray, two are compact sources
and one is a low-redshift spiral galaxy. The SEDs of the radio-
detected sources are discussed in more detail below. As expected,
radio selection only identifies a small subset of AGN. Radio detec-
tion are provided in Table Al in Appendix A.
J033210.91—274414.9 has a spectroscopic redshift of 1.6 and a
photometric redshift of 1.86. It is extremely radio-loud, with a value
log (R) ~ 3.5, it is also detected in the X-rays with I = 1.6 and has
an absorption corrected absolute luminosity of 2.38 x 10* ergs™!,
making it one of the most luminous objects in this sample. The object
has an absolute magnitude in z of —23.04. The entire SED is shown
in Fig. 10. The SED is rather peculiar. The optical-NIR spectrum
is a power law. Such shapes are usually common in blazars: highly
beamed, extremely variable AGN (Urry & Padovani 1995). The
spectra of this object show broad, but relatively weak, emission
lines. The radio spectrum has a slope of « = 0.5, putting it just on

the border between flat spectrum radio quasars (FSRQs) and steep
spectrum radio quasars (SSRQs). This suggests that the object is
likely a blazar.

J033217.14—274303.3 has a spectroscopic redshift of 0.566 and
a photometric redshift of 0.49. It has a radio loudness log (R) ~ 1.7
and is also detected in the X-ray (I' = 1.87). The radio spectrum
is rather flat (@ = 0.5). An absolute magnitude in z of —22 puts it
below the limit for quasars. The object is clearly extended with an
early-type morphology. The object shows a clear contribution from
a stellar bump as well as a steep rise at 8 um, typical of many of the
variability-selected objects discussed in the following sections.

J033239.47—275300.5 does not have a spectroscopic redshift.
The photometric redshift is 0.64. It is radio-loud with log (R) ~
2.2 and is not detected in the X-rays. With an « of 0.4, it is the
radio-detected object with the flattest spectrum in our sample. The
AGN is located in an elliptical galaxy that is located in a galaxy
pair. The second galaxy is also spheroidal but more symmetric than
the galaxy with the AGN. They seem to be connected by a faint
stream, suggesting that they are actually undergoing a merger. The
projected distance between the two galaxies is about 1.2 arcsec,
which corresponds to approximately 8kpc at the redshift of the
object. The SED is galaxy dominated. Apart from the extremely
strong radio flux, there is no clear sign of AGN activity, however,
we decide to keep this in the sample due to its radio loudness.

Two of our objects (J033229.88—274424.4  and
J033229.99—-274404.8) are clearly extended spiral galaxies
at very low redshift (both objects have a spectroscopic redshift of
0.076). They show clear extended spiral galaxy patterns as well
as clear central point sources. Both objects have radii of about
2 arcsec. Both objects are detected in radio but are radio-quiet
(R ~ 2-3). Given the fact that the AGN contribution to the overall
flux in these objects is lower than 10 per cent, this is a clear lower
limit and the AGN itself is radio-loud in both objects. Both objects
are very bright, with absolute z magnitudes around 16.5, making
them moderately bright spiral galaxies with z band magnitudes
around —21. One of the objects has spectroscopic data and shows
a relatively featureless spectrum with only weak lines.

Because of the small contribution from the central point source,
the X-ray emission is so weak that of those two object, only one
(J033229.99—274404.8) is detected in the X-rays, with a low X-ray
luminosity of only 1.3 x 10* ergs~' and I' = 1.6. The other object
remains undetected, even in the 4-Ms data. Interestingly, the two
radio-detected spirals are at the same redshift and are only separated
by a projected distance of 30 kpc. It is unclear if they are gravita-
tionally bound or if tidal forces might have contributed to AGN
activity in both of those sources, this might fit with an emerging
picture that close interaction without actual merging enhance AGN
activity (e.g. Ellison et al. 2011; Koss et al. 2012).

3.6 SEDs of AGN candidates not detected in X-ray or radio

In the following sections, we will shortly discuss those sources not
detected in X-ray or radio, we will start by identifying false positives
and then continue on to different subsamples of AGN, divided by
percentage AGN contribution.

3.6.1 Likely false positives

While a large majority of objects in the sample show clear signs of
AGN activity in their SEDs, in a few cases, the SEDs are very well
described by a galaxy SED without other signs of AGN activity. In
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particular, there are six cases which might possibly not be AGN but
false positive detections, we will shortly discuss their properties.

J033241.87—274651.1 is a ‘tadpole’-type galaxy (see e.g.
Straughn et al. 2006, for a description of this class of galaxies).
The best-fitting SED is a spiral galaxy SED, but the actual SED
appears slightly reddened. While weak AGN activity in the ‘head’
is not excluded, this object is probably a false positive.

J033219.86—274110.0 is entirely galaxy dominated, with a best-
fitting ‘Sd’ SED. The rest-frame ultraviolet (UV) imaging data show
no clear central point source. The object appears to be undergoing
a merger. It is very likely a false positive.

J033210.52—274628.9 appears to be somewhat reddened with
respect to a normal SO SED, there is no clear evidence of AGN
activity in the SED. The object is very compact but resolved. It is
likely a false positive.

J033246.37—-274912.8 is reasonably well fit by a SO SED, the
morphology shows a clear mixture of bulge and disc components,
there is no central point source visible in the rest-frame UV frames,
this is likely a false positive.

J033209.57—274634.9 is reasonably well fit by an Sdm SED.
There is a red excess that can be fit by including a quasi-stellar
object (QSO) component, however, there is no UV excess. This
might be explained by obscuration depressing the UV excess from
star formation or possibly by invoking an UV-weak AGN. This
source is possibly a false positive.

J033225.10—274403.2 is well fit by an SO SED, it shows a clear
disc+bulge morphology. It is at a redshift of 0.076 and very clearly
extended. The UV excess in this source is extremely weak. This is
likely a false positive.

We do caution that while those cases are likely false positives,
these objects are marked in Table Al in Appendix A. Note that all
of these sources are in the ‘normal’ catalogue of variability-selected
sources (Villforth et al. 2010) that is expected to contain around six
false positives in the GOODS-S field. Therefore this false positive
detection rate is expected. We no longer consider false positives in
the following discussion.

3.6.2 Quasars

A total of 10 sources have quasar-dominated SEDs, four of which
are X-ray detected, one source is detected in both radio and X-ray,
leaving six sources with quasar-dominated SEDs but lacking X-
ray and radio detection. Redshifts for these sources are relatively
unsecure.

3.6.3 Seyferts

As Seyferts, we label objects not detected in the X-rays but with
SEDs classified as mixtures (the AGN contributes between 10 and
90 per cent in the z band). A total of 19 objects show mixture fits, of
which nine are detected in neither X-ray nor radio. A representative
example of this group is shown in Fig. 11. Similar to X-ray-detected
AGN with mixture SEDs discussed in the previous section, these
sources show clear excesses both bluewards of the Balmer break as
well as in the IR.

3.6.4 Ultralow-luminosity AGN

As ultralow-luminosity AGN, we label those sources for which
the mixture fits indicate AGN contributions below 10 per cent.
14 objects belong to this class, of which eight lack both X-ray
and radio detection. In general, their SEDs resemble the SEDs of

© 2012 The Authors, MNRAS 426, 360-376
Monthly Notices of the Royal Astronomical Society © 2012 RAS

Variability-selected AGN in GOODS-S 367

J033218.70-275149.3

1935|J|||| T T T T T LI =
10" - =
= B ]
2 n i
e
Gl = —
x = =
Bl = 3
- o .
i [~ ]
10° Jet= =777 e o Object H
) -- Qso01 i
- " -- EW5 H
W — QSO01 + E115]]
10 ool I Ll T s e e

=
(-]
C)

10* 10°
Wavelength A

Figure 11. Multiwavelength SED of the Seyfert-type object J033218.70—
275149.3, overlaid the best-fitting mixture model. Inset plots show a
5 x 5arcsec? cut-out of the object in z.
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Figure 12. The ultralow-luminosity AGN J033205.40—274429.2, overlaid
the best-fitting mixture model. Inset plots show a 5 x 5arcsec? cut-out of
the object in z.

Seyfert-type objects, showing excesses in both the UV and mid-IR
(MIR). However, for those objects the excesses are notably weaker.
The extra component needed to fit the SED is in general bluer than
the QSO template SED, indicating a hotter accretion disc. This is
expected for less massive black holes (e.g. Laor & Netzer 1989). A
representative example is shown in Fig. 12.

3.7 Failed fits

The failed fit sources are well fit neither by a mixture model, single
galaxy or AGN SED nor a stellar SED. 12 objects belong in this
group. Their SEDs show erratic bumps that are indicative either of
variability or strong line emission, failed fits objects show no clear
SED features such as breaks that are reproduced by the templates.
Fig. 13 shows a representative example of this group, apart from
the poor fit, it is apparent that there is no clear stellar IR bump
that it usually needed to provide a reasonable fit. Failed fit objects
are generally faint but extremely compact, their featureless SEDs
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Figure 13. SED of J033219.81—-275300.9 with best-fitting mixture SED
overlaid, the SED is clearly bumpy and yields a poor fit for all templates.
Inset plots show a 5 x Sarcsec” cut-out of the object in z.

and erratic bumps indicate that they are highly variable and likely
quasar dominated. Since no good fit is found for those objects, their
redshifts are poorly constrained. Carefully modelling the variability
across the wavelength regime in these sources might help recover
the underlying SED, but this is beyond the scope of the current
paper.

3.8 IRAC colours

IRAC colour selection has commonly been used as a way to select
AGN. Because of the fact that the dust in AGN is heated to a higher
temperature than in normal star-forming galaxies, their IR SEDs
show considerable differences (e.g. Sanders et al. 1988; Lacy et al.
2004; Stern et al. 2005; Donley et al. 2008). Two different IRAC
colour—colour plots have been suggested to separate AGN from
star-forming galaxies: Lacy et al. (2004) and Stern et al. (2005),
both defined a wedge within which most objects should be AGN
dominated. Fig. 14 shows the colour—colour plots for AGN candi-
dates as well as the full GOODS-S sample. For the AGN-dominated
sources with IRAC detection, 80 per cent are in the Lacy wedge and
50 per cent are inside the Stern wedge. For the mixture objects 83
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per cent/54 per cent are inside the wedge for Lacy and Stern, respec-
tively. For the galaxy-dominated sources, those numbers drop to 12
per cent/0 per cent for Lacy and Stern, respectively. For the objects
with failed fits, 54 per cent/18 per cent would be flagged as possible
AGN using the Lacy and Stern correction, respectively. This shows
that both selection methods recover moderately luminous AGN but
are not suitable to detect the lowest luminosity AGN.

Donley et al. (2008) have studied the reliability of different
AGN IR selection techniques and found that contamination of nor-
mal star-forming galaxies is rather common in both the Lacy and
Stern wedge, especially when low-luminosity sources are included.
They showed that the colour—colour selection will include most ac-
tual AGN, but with a significant contamination. However, here we
demonstrate that low-luminosity AGN can be located outside the
Stern and Lacy wedges. We therefore argue that IR colour—colour
selection misses most low-luminosity systems in which the SED is
dominated by the galaxy, as also noted in Donley et al. (2012).

3.9 Summary of SED-fitting results

Here we will summarize the results presented in Section 3.

SED fist were performed on 71 of the initial 88 sources found in
GOODS-S by Villforth et al. (2010), the rejected 14 objects being
stars previously identified in the literature. SED fits revealed another
10 stars, mostly of G-M type, listed in Table A2 in Appendix A but
further disregarded in the analysis. This leaves 61 AGN candidates.

For the remaining 61 AGN candidates UV-IR AGN/galaxy mix-
ture SED fits were performed, six are likely false positives, in good
agreement with the expected number of false positives in the sam-
ple. This leaves 55 confirmed AGN. 43 had successful fits, leaving
12 failed fits, discussed in Section 3.7. 20 sources have X-ray detec-
tion, five have radio detection and three are detected in both X-ray
and radio. Of the 43 sources with successful fits, 10 are quasar
dominated, 19 are mixture objects and 14 are galaxy dominated.
Especially the low-luminosity AGN would be missed by IRAC
selection techniques.

In summary, we show that variability selection can reliably iden-
tify AGN far below the limits of even extremely deep X-ray data
and not identified using commonly used IRAC colour—colour selec-
tion methods. SED fits where successful for 43/61 sources, with the
remaining SEDs showing clear non-stellar SEDs with clear bumps,
indicating that they are indeed AGN.
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Figure 14. Lacy et al. (2004) and Stern et al. (2005) colour—colour plot for AGN selection. The dashed lines show the AGN ‘wedge’. Small black dots are all
objects from Dahlen et al. (2010) with detection in all IRAC bands. Stars show variability-selected AGN, colour coded by AGN contribution, based on SED

fitting. False positives are not shown.
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4 THE HOST GALAXIES OF
VARIABILITY-SELECTED AGN

4.1 Morphologies of variability-selected AGN

The properties of AGN host galaxies are of importance for under-
standing the triggering mechanisms of AGN. In this section, we will
discuss the morphologies of the host galaxies in this sample. Mor-
phological classification is performed by eye. The classifications
scheme is described in detail in Appendix A, and all morphological
classifications are provided in Table Al. In the following discus-
sion we will distinguish between unresolved sources, discs, bulges,
disc—bulge mixtures, mergers and unclassifiable.

Fig. 15 shows the morphologies in the luminosity—redshift param-
eter space. Interaction is common, especially at the low-luminosity
end. At lower redshift, late-type morphologies dominate. No AGN
is hosted by an early-type galaxy at redshifts higher than ~1. Out of
the 12 sources classified as late type, eight show clear central com-
pact sources, two sources show weak tidal tails indicating possible
recent mergers. For five out of 12 late-type hosts, the orientation
can be determined clearly, of those, four are face-on while only
one is clearly edge on. While the numbers are too small to perform
a detailed analysis, this might indicate that variability selection is
more successful in face-on systems. This could either indicate that
AGN are aligned with the host galaxy, or that absorption is stronger
in edge-on systems.

Out of the mere five early-type galaxies, only two show very ob-
vious central compact sources and one shows a close-by neighbour
(J033239.47—275300.5, discussed in more detail in Section 3.5).
Five objects are classified as disc—bulge mixture, of which one is
clearly edge-on. All of those spheroids were best fit with an SO
galaxy template and show AGN contribution in z of ~5 per cent.
18 objects are classified as interacting, of those, three show clear
central compact cores, four are very clear ongoing mergers and five
are classified as clumpy or train wreck. Of the 14 objects without
a clear morphological classification, two show compact cores, two
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Figure 15. Star formation properties and morphology of variability-selected
AGN in an observed frame z band magnitude redshift plot. Colours indi-
cate star formation level: red: passive; green: moderately star forming; blue:
strongly star forming. Marker style shows morphology: circles: disc galax-
ies; down triangles: elliptical; up triangle: disturbed morphology; pentagons:
disc/bulge mixtures; cross: unclear (too faint); stars: point source dominated.
The magnitudes are shown for the entire object, i.e. contribution from the
host galaxy is not subtracted off. False positives are not shown.
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have nearby neighbours and one shows a weak tidal tail. Implica-
tions of these findings will be discussed in Section 6.

4.2 Red sequence and blue cloud: are variability-selected
AGN experiencing quenching of star formation?

One of the questions that is commonly discussed is if and how
strongly AGN activity correlates with star formation in the host
galaxy. To address this question, we show the level of ongoing star
formation in the host galaxies as a function of redshift and lumi-
nosity. We divide the host galaxy SEDs into three groups: purely
passive (no young stellar population), mildly star forming (contribu-
tion from unobscured young star-forming regions) and starbursting
(young stellar population dominant, considerable reddening). The
results are shown in Fig. 15. Starburst-type SEDs are common only
in high-luminosity AGN, low-luminosity AGN hosts are dominated
by either mildly star forming or passively evolving host galaxies.
The implication of these finding will be discussed in Section 6.

It has been noticed that galaxies often fall into two rather dis-
tinct groups: massive, passively evolving ‘red and dead’ elliptical
galaxies and star forming, less massive spiral galaxies (e.g. Strateva
et al. 2001; Balogh et al. 2004; Faber et al. 2007). These groups
are known as the red sequence and blue cloud. Additionally, there
is a transitional phase of green valley galaxies in which the star
formation is just turning off (e.g. Strateva et al. 2001; Balogh et al.
2004; Faber et al. 2007). It has been argued that the host galax-
ies of AGN should be located in the green valley since the AGN
could be responsible for quenching the star formation (Silk & Rees
1998; Hopkins et al. 2008; Somerville et al. 2008). Evidence for
this scenario has been mixed (Cardamone et al. 2010; Schawinski
et al. 2010). We show the location of the host galaxies of our AGN
with respect to the red sequence and blue cloud in Fig. 16. The
AGN host galaxies are located in all areas of the colour—-magnitude
diagram. In the two low-redshift bins, the hosts of AGN are found
in the green valley as well as the red sequence. In the two higher
redshift bins, the AGN host galaxies are located in the blue cloud
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Figure 16. Optical colours of variability-selected AGN host galaxies from
SED fits compared to the full sample of galaxies. Colours indicate star for-
mation level: red: passive; green: moderately star forming; blue: strongly
star forming. Symbols indicate morphology, as described earlier in Sec-
tion 4.1: stars: point source; triangle: interacting; circles: discs; pentagons:
elliptical; x: unclassified. Only sources with successful fits that have not
been identified as false positives are shown.
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as well as the green valley. V-band selected variable AGN hosts ap-
pear to be distributed over a range of colours as well, from the
red sequence through the green valley and into the blue cloud
(Sarajedini et al. 2011). A slightly higher fraction of blue cloud
hosts were found among the variability-selected AGN when com-
pared to those identified in X-ray surveys.

We caution that the technique used to determine host galaxy
colours does not entirely remove the contamination from the central
source and might therefore be biased. Properly accounting for this
effect would require careful point spread function (PSF) fitting in
multiple bands which is beyond the scope of the current study. In
the redshift range below z < 0.75, the location of AGN host galaxies
in the red sequence and blue cloud is comparable to the Seyfert host
galaxies studies by Schawinski et al. (2010): the late-type hosts
are predominantly located at the high-mass end and avoid the blue
cloud.

4.3 Are more luminous AGN located in higher mass galaxies?

An important aspect regarding the properties of AGN hosts is the
fact that more luminous AGN seem to be hosted by more luminous
and therefore more massive galaxies (e.g. Hutchings, Crampton &
Campbell 1984; Bahcall et al. 1997). We show the relation between
galaxy and AGN magnitudes for our sample in Fig. 17 (at rest
frame ~1 um), together with comparable data from the literature
(Kotilainen et al. 2006, 2007; Hamilton, Casertano & Turnshek
2008). Our data show that there is a clear correlation between the
luminosities of AGN and their hosts. However, the luminosity of
the AGN rises faster than the luminosity of the galaxy similar to
findings in other studies (e.g. Hutchings et al. 1984; Bahcall et al.
1997; Schramm et al. 2008, and references therein). This can be
interpreted as a sign that higher mass black holes accrete at higher
Eddington ratios. But it can also imply a tendency for black holes
in more massive galaxies to be comparably overmassive, i.e. have
higher Mgy to Mg,y ratios. However, in a few cases, the galaxy
luminosity is observed to rise faster at the high-luminosity end
(Schramm et al. 2008). Also, rare cases in which high-luminosity

MGalazy( ~ 1/“7’m)

— AL
= = Interacting
‘ ‘ = = Non-Interacting

M ygn(~1pnm)

-14 -16 -18 -20 -22 -24 -26 -28 -30

AGN show no sign of host galaxy contribution are known (Magain
et al. 2005).

Selection effects play an important role in this context. Systems
with very bright AGN and very faint hosts (lower right-hand corner
of Fig. 17), while not generally selected against, have SEDs clearly
dominated by the AGN and therefore galaxy magnitudes are dif-
ficult to derive. On the other hand, systems with very high galaxy
to AGN luminosity ratios (upper left-hand corner of Fig. 17) are
selected against because the AGN in such systems are evasive and
will not be identified as AGN, even using variability selection. An-
other effect is that high-redshift AGN are generally more luminous
(Croom et al. 2009), moving them towards the upper right-hand
corner. Selection effects also differ at higher redshifts: systems
with high AGN-galaxy luminosity ratios are even harder to detect
due to surface brightness dimming. Additionally, galaxy-dominated
systems are also harder to detect since low-luminosity AGN are
more difficult to identify at higher redshifts. This should results
in a narrowing of the accessible parameter space towards higher
redshift.

To analyse the correlation in more detail, we have performed
a linear fit to the data for the full sample, as well as a number of
subsamples. The fit for the entire sample shows a flat slope of ~0.76,
similar to the slopes found in similar earlier studies (Hutchings et al.
1984; Bahcall etal. 1997). This therefore indicates higher Eddington
ratios in more luminous AGN or comparably overmassive black
holes in these systems. The latter might indicate that those AGN are
in a later stage of their black hole growth.

Dividing the sample into subsamples according to the star for-
mation level in the host, we find that the slope is significantly
flatter for AGN with active star formation. This seems to indicate
either that the tendency for higher mass black holes to show higher
Eddington ratios is more strongly pronounced in actively star-
forming systems, while it is weak for AGN with passive hosts.
But it can also mean that star-forming systems are generally in a
more advanced stage of black hole growth where the black hole is
comparably more massive. This could indicate that those systems
are nearing the end of their activity.

— AL
= = Passive
‘ ‘ = = Active

P 5 .
-14 -16 -18 -20 -22 -24 -26 -28 -30

M ygn(~1pmm)

Figure 17. The relation between AGN nuclear and galaxy magnitude at a rest-frame wavelength of ~1 pum. Colours indicate subsamples used for fits. In the
left-hand panel, those are green: objects showing signs of interaction; magenta: objects showing no signs of interaction. In the right-hand panel: red: passive,
i.e. no ongoing star formation; blue: active (ongoing star formation). Thin black lines show constant galaxy/AGN luminosity ratios with offsets of —5 to 5 mag.
Symbols indicate morphology, as described earlier in Section 4.1: stars: point source; triangle: interacting; circles: discs; pentagons: elliptical; x: unclassified.
Small black dots are data from the Kotilainen et al. (2006, 2007) and Hamilton et al. (2008). Only sources with successful fits that have not been identified as

false positives are shown.
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Dividing the sample into subsamples according to morphology,
we find that there is no significant difference in the slope, but that
there is a clear offset between the two data sets: AGN in interacting
hosts having on average either higher Eddington ratios or larger
Mi/M g,1axy ratios. It is however unclear if these findings are due to
selection effects or if the trends found here reflect actual physical
trends in the AGN population. Studying connections between host
galaxies and AGN is complex, and it has been shown that carefully
implementing selection effects can remove certain trends (e.g. Aird
et al. 2012).

5 THE ENVIRONMENTS OF
VARIABILITY-SELECTED AGN

In the context of AGN triggering, it is of importance to understand
the environments of AGN of different types, since this can constrain
suspected triggering mechanisms such as major or minor mergers,
disc instabilities or inflow of gas.

To assess the environment of our AGN sample, we use the large-
scale structure maps for GOODS-S from Salimbeni et al. (2009).
They used the catalogues of galaxies in GOODS-S with both spec-
troscopic and photometric redshifts to identify groups and clusters
of galaxies. A total of 12 overdensities where found in GOODS-S,
with redshifts between ~0.6 and 2.5. These overdensities over-
all represent larger groups rather than clusters, with virial masses
on the order of 10'* M, and peak overdensities of 6-10. Fig. 18
shows the galaxy groups from Salimbeni et al. (2009) as well as all
variability-selected AGN in the same redshift regime.
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It is noticeable that some sources that are located near the cen-
tres of overdensities have been classified as late-type or disc—bulge
mixtures while interacting systems as well as luminous AGN are
either located towards the edges of overdensities or in the field ar-
eas. This seems to run counter to previous findings and theoretical
expectations (e.g. Strand, Brunner & Myers 2008; Hickox et al.
2009; Hopkins & Hernquist 2009) that high-luminosity systems
show enhanced clustering on small scales while Seyferts do not. In
particular, this is surprising in the light of the expected connection
of quasars with major mergers and Seyferts with secular processes
(Hopkins & Hernquist 2009). Generally, our sources do not seem
to favour dense areas, somewhat consistent with finding that AGN
are on average slightly less clustered than normal galaxies (e.g.
Constantin & Vogeley 2006; Li et al. 2006).

Another hint towards triggering mechanisms is nearest neigh-
bour distances. We measure the projected distance to the nearest
neighbour for each object and compare the results for the AGN
to those of the general population. The distributions differ signifi-
cantly: variability-selected sources show a clear excess of close-by
neighbours (Fig. 19). The significance of the nearest neighbour ex-
cess depends on the accepted redshift mismatch used for matching
a neighbour. (The values are p = 4.5 x 107> foro, = 0.1, p =
0.001 for o, = 0.05 and p = 0.08 for o, = 0.01 using two-sample
KS.) The decreasing significance for stricter matching in redshift
might indicate a spurious result. However, with a typical scatter in
the photometric redshifts of about 0.04, the more strict matching
criteria will likely miss actual close neighbours. We find that using
the 0.05 results (corresponding to typical scatter in the photometric
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Figure 18. The location of variability-selected AGN with respect to overdensities listed by Salimbeni et al. (2009), in a number of redshift slices. Only sources

with successful fits that have not been identified as false positives are shown.
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Figure 19. Cumulative histograms for nearest projected nearest neighbour
distances for variable AGN and control sample, respectively.

redshifts) the closest neighbours of AGN hosting galaxies are on
average at a projected distance of about 72kpc, while those of
the control sample are on average at a distance of about 101 kpc
(Fig. 19). The results argue for a possible enhancement of AGN
activity through tidal interactions. There is no clear trend for galax-
ies with more close-by neighbours to preferentially have disturbed
morphologies or starburst SEDs. This might indicate that weak tidal
interaction may trigger AGN activity without significantly disturb-
ing the host. The implications of these finding will be discussed in
more detail in Section 6.

6 DISCUSSION

In this paper, we have shown that variability selection identifies
low-luminosity AGN up to moderately high redshift. We have also
demonstrated that commonly used selection methods would have
missed a large number of these objects. We have also clearly demon-
strated that those sources are indeed AGN using SED fitting. In this
section, we aim to discuss the implications of these findings for
AGN triggering mechanisms.

Theoretical models propose a number of different possible trig-
gering mechanisms for AGN. Triggering an AGN requires fun-
nelling substantial amounts of cold gas to the vicinity of the black
hole while losing a large fraction of its angular momentum. Several
mechanisms could be invoked to achieve this.

The most popular triggering mechanisms currently discussed are
major (wet) mergers: during a major merger of two gas-rich systems,
a large reservoir of gas is available, gravitational torques allow cold
gas to settle to the centre. This gas reservoir can be used to fuel both
a central starburst and an AGN. This scenario has been proposed
early (Sanders & Mirabel 1996; Silk & Rees 1998) and has recently
gained popularity due to its ability to alleviate problems in galaxy
formation models (e.g. Hopkins et al. 2008; Somerville et al. 2008).
However, while early observations seemed to support this scenario
(e.g. Canalizo & Stockton 2001), recent studies seem to imply that it
is not responsible for the triggering of a majority of AGN (Cisternas
et al. 2011a,b; Kocevski et al. 2012; Schawinski et al. 2012).

Observable signatures for an AGN triggered in a recent merger
are disturbed morphology, a recent starburst as well as a possi-
ble lack of close-by neighbours. While disturbed morphologies are
common in the host galaxies of the variability-selected AGN, they

are seldom accompanied by starburst SEDs. Also, the fact that the
closest neighbour of the AGN in this sample are at a smaller dis-
tance than for the general population might speak against such a
scenario. Furthermore, the host galaxies of the AGN in this sample
do not preferentially populate the green valley, as is expected for
many models (e.g. Hopkins et al. 2008). However, since we did not
attempt to compare the morphologies and star formation rates to
a properly matched comparison sample, these results remain ten-
tative. While we cannot exclude major mergers as a trigger for at
least some of the AGN in this sample, we do not find evidence for
major mergers being the dominant process of AGN triggering. Our
findings agree with recent studies finding that while merger trigger-
ing is likely in a subset of AGN (Ramos Almeida et al. 2012), it
is not dominant in the general population (Cisternas et al. 2011a,b;
Kocevski et al. 2012; Schawinski et al. 2012). On the other hand, the
large incidence of disturbed morphology in our sample is consistent
with other findings showing that disturbed morphologies are com-
mon in low-luminosity AGN (De Robertis, Yee & Hayhoe 1998b;
Bennert et al. 2008).

Minor mergers occur much more frequently than major mergers
(Croton et al. 2006; Somerville et al. 2008; Lotz et al. 2011) but
their signatures are more difficult to identify: disturbed morpholo-
gies last for shorter time in minor mergers and the morphologies
deviate less from those of undisturbed galaxies (Lotz et al. 2011).
Theoretical models suggest that minor mergers might indeed be
important triggering mechanisms for lower luminosity AGN (e.g.
Hopkins & Hernquist 2009, and references therein). Minor mergers
can cause disturbed morphologies in the host (Lotz et al. 2011) but
are likely not sufficient to trigger major starbursts (Somerville et al.
2008; Hopkins & Hernquist 2009). This scenario agrees well with
the findings that low-luminosity AGN show disturbed morphol-
ogy but no signs of starbursts. This also is broadly consistent with
the properties of Seyfert host galaxies (De Robertis et al. 1998b;
Bennert et al. 2008; Constantin, Hoyle & Vogeley 2008).

Other triggering mechanisms have also been suggested, includ-
ing cold flows (Bournaud et al. 2011), tidal triggering through first
passage before a merger (Hopkins et al. 2008) and bars in spi-
ral galaxies (e.g. Shlosman, Frank & Begelman 1989; Knapen,
Shlosman & Peletier 2000; Alexander & Hickox 2012). Given the
dominance of z < 1-2 sources in our sample, cold flow triggering
is unlikely for sources in this particular sample since cold flows are
more common at higher redshifts (Dekel & Birnboim 2006). Also,
the process proposed in Bournaud et al. (2011) will predominantly
produced rather heavily obscured AGN, which are not part of our
sample due to the selection technique used in this study. Spiral bars
are not addressed in this study, the resolution is not sufficient to
clearly examine the presence of bars in this sample, and we will
therefore not comment on this possibility. However, we do note that
late-type galaxies only represent a small subset of our sample at low
redshift.

A mechanism that seems possible for our sample is triggering
during first passage. We find an excess of close neighbours in our
sample compared to the general galaxy population, but no clear
difference in the general density. This is consistent with first pas-
sage triggering. Our findings are also consistent with other studies
finding enhanced AGN fractions in close pairs (e.g. Ellison et al.
2011; Farina, Falomo & Treves 2011; Koss et al. 2012). Interest-
ingly, obscured low-luminosity AGN are found to have more close
neighbours than unobscured sources (De Robertis, Hayhoe & Yee
1998a; Dultzin-Hacyan et al. 1999; Koulouridis et al. 2006). This
might indicate that first passage triggering is connected with higher
levels of obscuration. Given the preference of variability selection
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to find unobscured sources, the excess in close neighbours we find
might therefore be a lower limit to the actual incidence of AGN
with close neighbours.

While this seems somewhat cynical, there are several studies
suggesting that AGN activity has no preference at all in environ-
ment (e.g. McLure & Dunlop 2001; Wold et al. 2001; Miller et al.
2003) or host galaxy mass as well as stellar populations (Aird et al.
2012). These finding would imply a ‘random’ triggering process
that has no preference on galaxy properties or environment. We
caution therefore that this study is hampered by a lack of com-
parison sample, other studies have demonstrated that well-matched
comparison samples are essential since some apparent trends can be
solely due to selection effects (Cisternas et al. 2011a,b; Aird et al.
2012; Kocevski et al. 2012).

Our findings are inconsistent with major merger triggering in a
majority of sources, especially at the low-luminosity end. Our data
suggest that minor mergers and triggering through first passage
likely play a large role for lower luminosity AGN. A more detailed
analysis of triggering mechanisms will require carefully matched
control samples, this is however beyond the scope of the current
study.

7 SUMMARY AND CONCLUSIONS

In this paper we have presented the SEDs, host galaxy properties and
environmental properties of variability-selected AGN in GOODS-S.
Our results can be summarized as follows.

(i) It has been demonstrated that variability selection can com-
plement and expand other AGN selection techniques and expand
them to much lower luminosities. Variability selection can reveal
AGN too faint to be detected in even extremely deep X-ray expo-
sures as well as AGN in which the galaxy emission is too dominant
to reveal them as AGN in IR colour—colour plots. We have also
shown that variability selection indeed identifies low-luminosity
AGN and that contamination with normal galaxies is extremely
small (6/88), consistent with expected false positive rates. This
demonstrates that the method used in Villforth et al. (2010) predicts
expected false positive rates correctly.

(ii) Careful SED analysis has revealed that a considerable num-
ber of red point source in the variability-selected sample turn out
to be stars, in particular of types G-M . In total 24/88 objects from
the initial sample turn out to be stars. This reveals the possibility
of using variability selection also to find possible rare halo stars as
well as the importance of more carefully checking point sources for
further variability selection studies.

(iii) Of the 61 AGN candidates for which SED fits were per-
formed, six are likely false positives, in good agreement with the
expected number of false positives in the sample. Of the 55 con-
firmed AGN, 43 had successful fits, leaving 12 failed fits. 20 sources
have X-ray detection, five have radio detection and three are detected
in both X-ray and radio. Of the 43 sources with successful fits, 10
are quasar dominated, 19 are mixture objects and 14 are galaxy
dominated.

(iv) SED fits reveal that variability selection is suitable for se-
lecting AGN that contribute as little as 10 per cent to the overall
emission in a given bands. Variability selection has revealed a con-
siderable number of considerable sub-Seyfert AGN up to redshifts
close to 3.

(v) Star formation in the hosts of AGN appears most prominent
in the highest luminosity objects, while lower luminosity objects
appear quiescent or moderately star forming.
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(vi) The AGN hosts in these study do not have a preferred loca-
tion with respect to the red sequence and blue cloud, rather the lower
redshift low-luminosity objects are located in the red sequence and
partially the green valley, while higher redshift and higher lumi-
nosity objects tend to lie in the blue cloud and partially the green
valley. It is not possible to determine for this sample if the redshift
or luminosity is the deciding factor for this difference.

(vii) Disturbed morphologies are common in variability-selected
AGN and dominate the sample at low AGN luminosities, elliptical
galaxies as hosts are rare.

(viii) We find that the luminosity of AGN and their hosts are
generally correlated, but that the AGN luminosity rises faster than
that of its host. These finding indicate that either the Eddington ratio
or black hole mass to galaxy mass ratio might be higher in more
luminous AGN. There are also tentative findings that this trend
is stronger for AGN with ongoing starbursts and that AGN with
disturbed morphologies on average have higher Eddington ratios or
comparably overmassive black holes given their host galaxy mass.

(ix) There is no clear evidence for AGN favouring either very
high density or very low density environments, however, there is a
trend for AGN near the cores of groups to be hosted by late-type
galaxies, high-luminosity AGN are only found in the field.

(x) Nearest neighbours are about 25 per cent closer in the
variability-selected AGN sample than they are in the general pop-
ulation, arguing for tidal interactions as possible triggers for weak
AGN activity.

(xi) We find possible indications for different triggering mecha-
nisms at the high- and low-luminosity end. Lower luminosity AGN
in this sample appear to be connected to events which disturb the
hosting galaxy but are not capable of triggering extreme starbursts.
We suggest minor mergers or tidal forces during first passage as
possible triggering mechanisms. Higher luminosity AGN seem to
be connected to events triggering strong starbursts, widely consis-
tent with major mergers. However, since the AGN inhibits a careful
analysis of the host galaxy morphology in those systems, itis unclear
if they are connected to major mergers or other possible triggers.
‘We would like to caution that we have not properly analysed selec-
tion effects. Further careful comparison with a control sample of
non-AGN hosting galaxies could show if these findings are due to
selection effects. This is however beyond the scope of the current

paper.

This study therefore demonstrated the strength of variability se-
lection, for the first time determined its reliability in identifying low-
luminosity AGN that cannot be found and gave preliminary hints for
the possible AGN triggering mechanisms in low-luminosity high-
redshift AGN.
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APPENDIX A: MORPHOLOGICAL
CLASSIFICATIONS AND STARS
A1 Morphological classifications

Detailed morphological classifications are provided in Table Al.
All morphological classifications are performed by eye in the z
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Variability-selected AGN in GOODS-S

375

Table Al. Variability-selected AGN. Name: GOODS ID; RA: right ascension; Dec.: declination; mag;,: z-band apparent magnitudes; z: redshift, superscript
indicates if the redshift is spectroscopic (*) or photometric (P; from Dahlen et al. 2010); morphology: morphological classification, see Section A for details;
type: spectral type, quasar dominated (Q), mixture (M), galaxy dominated (G), failed fit (X), false positive (FP); AGN: best-fitting AGN SED; galaxy:
best-fitting galaxy SED; ratio: AGN contribution; X-ray?: X-ray detected, yes/no; radio?: radio detected, yes/no.

Name RA (J2000)  Dec. (J2000) mag, z Morphology  Type AGN Galaxy Ratio X-ray? Radio?
J033203.00—274213.6 53.01248 —27.7037872  25.16 2.66" EX Q BQSO 1 Spi4 0.9 No No
J033203.01-274544.7  53.0125331  —27.7624232  25.12 0.547 ED G BQSO 1 Spi4 0.1 No No
J033203.26—274530.3  53.013574  —27.7584257  22.72 0.047 ED G BQSO1 Spi4 0.1 No No
J033205.40—274429.2  53.0224983  —27.7414518  22.99 1.039° EDF G BQSO1 Spi4 0.05 No No
J033208.68—274508.0  53.036184  —27.7522317 22.71 1.296° EDC X - - - No No
J033209.57—-274634.9  53.0398585  —27.7763722 2297  0.5375° EEC FP - - - No No
J033209.58—274241.8  53.0399142  —27.7116218 23.44  0.681° EIC G BQSO1 Spi4 0.1 No No
J033209.80—274308.6  53.0408277  —27.7190613  23.15 2.487 EIM Q BQSO 1 ElI2 0.95 No No
J033210.52—274628.9  53.0438334  —27.7747007  23.88 1.615% EXN FP - - - No No
J033210.91-274414.9  53.0454704  —27.7374846 2234  1.613° UQXRH Q Mrk 231 1.0 Yes Yes
J033211.02—274919.8  53.045918  —27.8221721 23.45 1.9431° EIMX M BQSO1 Spi4 0.3 No No
J033212.16—274408.8  53.0506774  —27.7357915  24.81 0.747 EX M BQSO1 ElI2 0.3 No No
J033213.21-274715.7  53.0550544  —27.7876915  24.19  0.523° EDEC G BQSO1 ElI2 0.1 No No
J033217.06—274921.9  53.0710682  —27.8227401  19.19 0.34° EDT G TQSO SO 0.1 Yes No
J033217.14—-274303.3  53.0714326  —27.7175864  20.58  0.566° EE M TQSO SO 0.2 Yes Yes
J033217.72—274703.0 ~ 53.0738469  —27.7841607  23.63 1.607¢ EI Q BQSO 1 Sdm 0.9 No No
J033218.24—-275241.4  53.0760024  —27.8781606 24.26  2.801° UQX Q BQSO1  Seyl8 0.9 Yes No
J033218.70—-275149.3  53.0778965  —27.8637054  21.76  0.458° ESE M QSO1 Ell5 0.15 No No
J033218.81—-274908.5  53.0783542  —27.8190409  23.88 1.128¢ EIX X - - - No No
J033218.84—-274529.2  53.078519  —27.7581146 18.79  0.296° EE G TQSO Ell13 0.05 Yes No
J033219.81-275300.9  53.0825539  —27.8835727 2450  3.706° EI X - - - No No
J033219.86—274110.0 ~ 53.0827492  —27.686119  23.40  1.542° EIM FP - - - No No
J033222.82—-274518.4  53.0950956  —27.7550986  23.24  1.087° EXC M BQSO1 ElI2 0.3 No No
J033223.53—-274707.5  53.0980434  —27.785425  23.26 0.697 EDCF M BQSO 1 ElI2 0.2 No No
J033224.23—-274129.5  53.1009433  —27.691518  24.89 4.347 EI Q BQSO1 Ell2 1.0 No No
J033224.54—-274010.4  53.1022685  —27.6695645  21.91 0.967 EI X - - - Yes No
J033224.80—274617.9  53.1033449  —27.7716431  23.09 1.306° EX X - - - No No
J033225.10—274403.2  53.1045636 ~ —27.7342138 17.76  0.076° ES FP QSO1 SO 0.0 No No
J033225.99-274142.9  53.1082952  —27.6952603  24.56  0.0459° EICN Q BQSO 1 Spi4 0.95 No No
J033226.40—275532.4  53.109991 —27.9256529  24.44 1.777 EI X - - - No No
J033226.49—-274035.5  53.1103938  —27.6765399  19.62 1.031° UQXHDCT Q QSO1 119524 0.9 Yes No
J033227.01-274105.0 ~ 53.1125287  —27.6847238  19.03  0.734° uQ M QSO1 SO 0.75 Yes No
J033227.18—274416.5  53.113269 —27.73791 19.38  0.418° ES G TQSO SO 0.05 Yes No
J033227.51-275612.4  53.114644  —27.9367764 24.04  0.663° EXC X - - - No No
J033228.30—274403.6  53.1179209  —27.7343234  23.69 3.25¢ EI X - - Yes No
J033229.88—-274424.4  53.1244949  —27.7401248 1646  0.076° EDCF G N6240 - - No Yes
J033229.98—-274529.9  53.1249148  —27.7583013  21.11 1.215° UQ M TQSO 122491 0.5 Yes No
J033229.99-274404.8  53.1249588  —27.7346753  16.85  0.076° EDCF M Sey2 Spi4 0.3 Yes Yes
J033230.06—274523.5  53.1252547  —27.756535  21.82  0.955° EIX M TQSO SO 0.3 Yes No
J033230.22—-274504.6  53.1258995  —27.7512749  21.51 0.738° uQ M BQSO 1 Sc 0.5 Yes No
J033230.36—275133.2  53.1264805  —27.8592312  25.02 0.597 EX X - - No No
J033232.04—-274523.9  53.1334996  —27.7566329  23.44 0.437 EIX M BQSO 1 ElI2 0.15 No No
J033232.49-275044.0  53.1353687  —27.8455431  23.44 0.41°7 EDC G QSO1 Ell2 0.1 No No
J033232.61-275316.7  53.1358826  —27.8879636  22.96  0.988° EIMC G BQSO1 Spi4 0.1 No No
J033232.67—-274944.6  53.1361117  —27.829048 18.29 0.147 ES G BQSO 1 SO 0.05 Yes No
J033233.68—274035.6  53.1403383  —27.6765489  24.97 0.817 EX X - - - No No
J033235.38—274704.3  53.1474321  —27.7845155  25.16 0.917 EX X - - No No
J033236.92—275308.4  53.1538193  —27.885679  24.42 0.42° EXT M BQSO1 El2 0.3 No No
J033238.12—-273944.8  53.1588307  —27.6624444 2045  0.837° UQ Q BQSO1 119524  0.95 Yes No
J033238.89—-275406.7  53.1620545  —27.9018501  24.62  1.467° EXN M BQSO1 ElI2 0.8 No No
J033239.09-274601.8  53.1628593  —27.7671602  21.02 1.216° 18[0):¢ M BQSO1 119524 0.5 Yes No
J033239.47—-275300.5  53.1644567  —27.8834689  20.55 0.647 EENC G - SO 0.0 No Yes
J033240.89—-275449.2  53.1703678  —27.9136643  25.19 2.537 EX Q BQSO1 Sdm 0.9 No No
J033241.87—274651.1  53.1744478  —27.7808655  23.35 0.77 EI FP - Spi4 0.0 No No
J033243.24—-274914.2  53.1801493  —27.8206046  22.70  1.906° UQXx M TQSO 122491 0.5 Yes No
J033243.93—-274351.1  53.1830401  —27.7308524  24.28 0.637 UQ M BQSO1 ElI2 0.5 No No
J033245.02—-275207.7  53.1875887  —27.8688155 2252  0.721° EDCT G Mrk 231 SO 0.05 No No
J033246.37—-274912.8  53.1932061  —27.8202112 2195  0.683° ES FP TQSO SO 0.05 No No
J033247.98—-274855.7  53.1999289  —27.8154702  20.57  0.233° EE X - - - Yes No
J033252.88—275119.8  53.2203537  —27.8555099  21.87 1.22¢ EDC M TQSO N6090 0.3 Yes No
J033253.44—-275001.4  53.2226606  —27.8337103  24.35 1.245°% EIX M BQSO1 Spi4 0.8 No No
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Table A2. Stars in variability-selected sample.

C. Villforth, V. Sarajedini and A. Koekemoer

Name RA (J2000) Dec. (J2000) Spectral type mag. (AB)
J033204.41-274635.5 53.018367 —27.7765167 M 21.14
J033205.11-274317.5 53.021302 —27.7215411 M 21.91
J033213.34—-274210.5 53.0555659 —27.7029202 M 23.84
J033215.16—274754.6 53.0631513 —27.7985117 K¢ 22.98
J033215.93—-275329.3 53.0663591 —27.8914797 M2Iab® 19.86
J033216.34—274851.7 53.0681031 —27.8143745 M 21.98
J033216.87—274916.7 53.0702817 —27.8212937 K¢ 23.40
J033220.80—275144.5 53.0866794 —27.8623513 M 21.22
J033221.52—-274358.7 53.0896509 —27.732984 M2Iab? 21.00
J033225.15—-274933.3 53.1048118 —27.8259053 GOlab® 21.61
J033227.86—275335.6 53.1160832 —27.8932186 M3 21.84
J033227.87—-275335.9 53.1161233 —27.8933035 M3 21.63
J033228.45—-274203.8 53.118527 —27.7010451 K¢ 24.23
J033231.80—275110.4 53.1324925 —27.8528853 MBI 21.03
J033231.82—-275110.6 53.1325905 —27.8529435 MBI 21.06
J033231.94—-274531.3 53.1330882 —27.7587052 G5V/ 21.11
J033232.12—-275636.8 53.1338346 —27.9435593 wD®? 21.04
J033232.32—-274316.4 53.1346778 —27.7212189 M 22.11
J033237.93—-274609.1 53.1580245 —27.769192 Kb 19.96
J033241.05—-275234.1 53.1710547 —27.8761468 GOV* 20.72
J033242.61-275453.8 53.1775348 —27.9149453 G8lab“ 20.82
J033244.10—275212.9 53.1837535 —27.8702564 K311 20.88
J033246.39—-274820.1 53.1932909 —27.8055737 M2lab#® 21.16
J033247.53—-275159.9 53.1980298 —27.8666421 G5V¢ 21.01

Spectral types notes: “this work; “proper motion
¢Groenewegen et al. (2002); /Santini et al. (2009);

type not secure.

detected; “Popesso et al. (2009);

dWolf et al. (2008);

&Taylor et al. (2009); "star has close neighbour, spectral

band, additionally, we also inspected other available HST bands
(corresponding to approximately U, V and I bands) to verify our
classification. The resolution of the data is 0.1 arcsec, corresponding
to aphysical scale between 0.2 (z=0.1) and 0.8 kpc (z = 3). It should
be noted that by using the z band as the prime band for inspection, we
introduce possible biases since shorter and shorter rest wavelengths
are sampled at higher redshifts. In particular, this might cause us
to overestimate the incidence of disturbed morphologies at higher
redshifts.

Unresolved sources can either be classified as ‘true unresolved’
(U), i.e. visual classification does not show signs of host galaxy
contribution and ‘weak host’ (UH) in which visual classification
shows clear signs of host galaxy contribution. For those sources,
additional flags can be set (see below).

For the extended sources, we have five main morphology classes
as well as additional flags (see below). The five main are late-
type galaxies (D, clear disc, no strong bulge), early-type galaxies

(E), ‘spheroidal’: a clear disc-bulge component (S), interacting/
disturbed (I), all other sources that are too faint for a clear classifi-
cation are classified as unclear (X). The following flags are available
additionally for all extended as well as unresolved with clear host
sources: clear dominant core (C); nearby neighbour (N); edge-on
late type (E); face-on late type (F); clear merger (M); weak tidal
tails (T) and multiple cores/clumpy/train wreck (X).

A2 Stars

All stars in the initial variability-selected sample from Villforth et al.
(2010) are listed in Table A2; for all stars, the approximate stellar
type and reference to the identification are provided. For a detailed
description of the identification of stars, please refer to Sections 3.1.
and 3.1.1.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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