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Abstract: The Two Micron All-Sky Survey (2MASS) has provided a uniform photometric catalog to search
for previously unknown red active galactic nuclei (AGN) and Quasi-Stellar Objects (QSOs). We have extended
the search to the southern equatorial sky by obtaining spectra for 1182 AGN candidates using the six degree
field (6dF) multifibre spectrograph on the UK Schmidt Telescope. These were scheduled as auxiliary targets
for the 6dF Galaxy Redshift Survey. The candidates were selected using a single color cut of J — K;>2
to K; < 15.5 and a galactic latitude of |b| > 30°. 432 spectra were of sufficient quality to enable a reliable
classification. 116 sources (~27%) were securely classified as type I AGN, 20 as probable type I AGN, and
57 as probable type II AGN. Most of them span the redshift range 0.05 <z < 0.5 and only 8 (~6%) were
previously identified as AGN or QSOs. Our selection leads to a significantly higher AGN identification rate
amongst local galaxies (>20%) than in any previous (mostly blue-selected) galaxy survey. A small fraction
of the type I AGN could have their optical colors reddened by optically thin dust with Ay < 2 mag relative to
optically selected QSOs. A handful show evidence of excess far-infrared (IR) emission. The equivalent width
(EW) and color distributions of the type [ and I AGN are consistent with AGN unified models. In particular, the
EW of the [Om] emission line weakly correlates with optical-near-IR color in each class of AGN, suggesting
anisotropic obscuration of the AGN continuum. Overall, the optical properties of the 2MASS red AGN are
not dramatically different from those of optically-selected QSOs. Our near-IR selection appears to detect the
most near-IR luminous QSOs in the local universe to z >~ 0.6 and provides incentive to extend the search to
deeper near-IR surveys.
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1 Introduction

Much of our knowledge about the distribution and prop-
erties of active galactic nuclei (AGN) has come from
samples that are flux-limited at blue optical wavelengths.
This is because their spectral energy distributions (SEDs)
generally exhibit a UV flux excess. Such surveys can be
very efficient and complete down to their blue flux limit,
e.g., the Large Bright Quasar Survey (LBQS; Hewett et al.
1995). However, any survey with a blue flux limit will be
relatively biased against objects whose intrinsic emission
peaks at other wavelengths, e.g., near-infrared (IR) emis-
sion from the host galaxy (Masci et al. 1998; Benn et al.
1998). Alternatively, the optical/UV can be partially or
heavily absorbed by dust, as revealed by radio, near-to-
mid IR, and X-ray surveys (Webster et al. 1995; Gregg
et al. 2002; Polletta et al. 2007; Donley et al. 2008).
The Sloan Digital Sky Survey (SDSS; Richards et al.
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2002) has employed a range of multicolor optical selection
techniques with relaxed constraints on morphology to
search for QSOs to redshifts of ~6. This has reduced the
bias relative to the simple UV-excess criteria used in early
surveys, but has not eliminated it.

A complete census of AGN over cosmic time is essen-
tial for understanding galaxy formation and evolution
since the properties of the central black hole and host
galaxy are intimately linked (see reviews in Ho 2004).
The fraction of AGN missing from optically selected sam-
ples, both as a function of redshift and luminosity, is an
important parameter. This is expected to be related to the
duty cycle of black-hole fueling and timescales for regu-
lating star formation. Values are currently very uncertain
and range from 15% to greater than 50% (e.g., Richards
et al. 2003; Glikman et al. 2004, 2007; Brown et al. 2006).
This uncertainty is due to: selection of the appropriate
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comparison sample of optically selected AGN; properties
of the ‘unbiased’ sample and how representative it is; and
difficulties in quantifying the amount of bias (e.g., dust
extinction).

1.1 Near-IR Selection

Warren et al. (2000) showed that it is possible to construct
a complete K-band-limited QSO sample by combining
optical and near-IR photometry. This exploits the charac-
teristic K-band excess seen in QSOs compared to stars
and has been termed the KX-selection method. A num-
ber of small pilot surveys have employed KX-selection
and variants thereof (e.g., Croom et al. 2001; Sharp et al.
2002; Jurek et al. 2008; Smail et al. 2008). The largest
is being compiled from the UKIDSS Large Area Survey
covering ~12.8 deg?> (Maddox et al. 2008). This survey
currently reports a surface density of =15 deg =2 for broad-
lined AGN with K <17 and z < 3. They estimated that
~50% were missed by SDSS, therefore revealing a large
population of red QSOs.

Although the KX method is turning up many luminous
red QSOs to high redshift, the situation is different for less
luminous local AGN (e.g., Seyfert nuclei). These are usu-
ally not found by color selection since host galaxy light
can dominate their broadband colors. Historically, they are
found by taking optical spectra of the nuclear regions of
large samples of galaxies (e.g., Ho et al. 1997). Many of
these samples are flux-limited at blue optical wavelengths
and hence subject to bias. The most significant bias is that
the blue light is dominated by recent star formation which
overwhelms any emission from a central AGN. A near-IR
selected sample of local galaxies using color criteria
analogous to that used in KX methods will reduce this
bias.

The largest near-IR survey to date is the Two Micron All
Sky Survey (2MASS; Skrutskie et al. 2006). There have
been several studies that searched for AGN in 2MASS.
The first was that from Cutri et al. (2002) in the northern
equatorial sky. They selected sources with J — K > 2 and
K, <15.5" at galactic latitude |b| >30°. Spectroscopic
follow-up revealed that ~75% were previously uniden-
tified AGN, with ~80% of these associated with broad
emission-line (type I) AGN —i.e., Seyfert 1s and QSOs —
and the remainder were narrow-line (type II) AGN —
typically Seyfert 2s, type Il QSOs and liners. They spanned
a redshift range of 0.03 <z <2.52 with a median of
~0.22, therefore, the AGN were predominately local.
The extrapolated surface density of all AGN types was
~0.57 deg™2, significantly higher than that of optically
selected AGN at the same K; magnitude. A significant
fraction also showed unusually high polarization proper-
ties (Smith et al. 2002) and very weak X-ray emission
(Wilkes et al. 2002).

Other 2MASS studies involved cross-correlating with
the Faint Images of the Radio Sky at Twenty-centimeters

! K, is similar to the K filter but cutting off at a shorter red wavelength
to minimize thermal emission.
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(FIRST) radio catalog (Gregg et al. 2002; Glikman et al.
2007). These revealed a number of extremely red QSOs
at high redshift, some showing strong evidence for dust.
Barkhouse & Hall (2001) studied the 2MASS colors of
QSOs that were identified at other wavelengths, primar-
ily from the Veron-Cetty & Veron (2000) catalog, and
Georgakakis et al. (2009) used mid- and far-IR observa-
tions of red 2MASS AGN to infer their relationship to
luminous IR galaxies (LIRGs). Most of these studies how-
ever used single band 2MASS detections (in J, H, or Kj)
and therefore could have missed many red AGN. Further-
more, none were able to provide a census of AGN in the
2MASS catalog.

A uniform unbiased survey of 2MASS AGN was car-
ried out by Francis et al. (2004) by selecting candidates
in the southern hemisphere covering 12.56 deg® using a
moderate color cut of J — K> 1.2. This color cut sig-
nificantly reduced contamination from foreground stars.
Spectroscopic follow-up revealed that ~1.2% were broad-
line AGN and ~4% were galaxies with Seyfert 2 nuclei.
The main findings were that: (i) the type I AGN are pre-
dominately at low redshifts (z <0.3) and contamination
from host-galaxy light would make them hard to find
in optically selected QSO samples (e.g., the SDSS); and
(ii) the incidence of type Il AGN amongst local galaxies is
higher than usual when compared to blue-selected galaxy
samples. The results of this study are complementary to
those presented here and will be discussed in more detail
later.

The above studies indicate that 2MASS is sensitive to
the local AGN population. The luminosity of broad-lined
QSOs, particularly in the local universe, is only slightly
greater than that of their host galaxies (e.g., Hao & Strauss
2004). Only a small amount of dust extinction is needed
to mis-identify them or turn them into type Il AGN. This
is in contrast to the heavily obscured, high-luminosity,
and usually unresolved QSOs at high redshift. There-
fore, even though near-IR color-selected surveys are less
biased than those in the optical/UV, they are still some-
what biased against the reddest QSOs. They do however
have the advantage that candidates selected in the near-IR
will be bright enough to allow spectroscopic follow-up
with relative ease.

It is worth mentioning why a red J — K color cut
has proven so efficient at finding AGN in the relatively
shallow 2MASS Point Source Catalog (PSC). There are
three reasons. First, contamination from halo-giant and
disk-dwarf stars is very much eliminated, as the major-
ity have J — K <0.75 (Francis et al. 2004). Second, the
2MASS colors of galaxies are predominately blue, with a
median J — Ky ~1.1 at 7 <0.1 and a 1-0 upper limit of
J— K < 1.6 at z~0.2 (Jarrett et al. 2000; Jarrett 2004).
This color reddens rapidly for galaxies at higher redshifts
due to the k-correction, approaching J — K ~2 atz ~0.4.
However, typical L* galaxies at such redshifts will be well
below the detection limit of the 2MASS PSC. Contami-
nation from non-active galaxies is therefore expected to
be small overall. The third reason is motivated by the fact
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that an extremal color cut of J — K > 2 has been shown
to discriminate red AGN from UV/optically-selected ones
in large samples of known AGN (Barkhouse & Hall 2001;
Cutri et al. 2002). For example, 2MASS detects a large
fraction (~75%) of the LBQS QSOs in all three near-IR
bands (J, H, and K;). Most of these have J — K <2.
Therefore, J — K > 2 isolates the reddest subset of the
optically selected population and is likely to probe many
more. It is also interesting to note that nearly all known
QSOs at 7 <0.5 have J — K > 1.2 (Francis et al. 2000;
Barkhouse & Hall 2001).

In this paper, we extend the work of Cutri et al. (2002)
and Francis et al. (2004) to search for additional red
2MASS AGN in the southern equatorial sky. We assem-
bled a relatively unbiased sample of red AGN candidates
using a color cut of J— K;>2 on the 2MASS Point
Source Working Database and then used the brute-force
capabilities of the six degree field (6dF) multiobject spec-
trograph to obtain spectra of a subsample. We utlized
the efficient mapping strategy of the 6dF Galaxy Survey
(6dFGS) with our candidates selected as secondary targets
in the program.

Our sample and target selection are described in Sec-
tion 2. Observations and data reduction are described in
Section 3, and spectral classifications in Section 4. Prop-
erties of the newly discovered AGN and comparisons to
optically selected QSO samples are discussed in Section 5.
Conclusions are given in Section 6. We assume a concor-
dance cosmology with Hy =70kms~! Mpc~!, Q,, =0.3,
and Q5 =0.7. All magnitudes, unless otherwise specified,
are based on the Vega system.

2 Sample and Target Selection

Candidates were initially selected from the 2MASS Point
Source Working Database using the following criteria: a
color cut of J — K > 2; K; < 15.5; detections in all three
bands (J, H, and Kj); galactic latitude |b| > 30°; and
excluding a region of ~170deg? covering the Large and
Small Magellanic Clouds. Previously identified sources
were not omitted. This yielded 16977 candidates in an
effective area of ~20400 deg” over the whole sky. These
criteria define the ‘master’ catalog of red AGN candidates,
and were used in northern hemisphere follow-up studies
by Cutri et al. (2002).

Note that a detection in the H-band was included for
reliability. The red AGN candidate selection criteria were
originally devised during the early stages of the survey
before many of the source quality metrics were mature.
Sources detected in all three survey bands were known
to be the most reliable. Therefore, three-band detection
was included with the two-band color limit to minimize
sample contamination by spurious sources with unusual
colors.

Southern equatorial (§ < 0°) AGN candidates from the
master catalog were position matched against the Super-
COSMOS Sky Survey database (Hambly et al. 2001a).
A match radius of 4arcsec was used and no optical
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magnitude cut was initially imposed. Of matches, ~0.7%
resulted in multiple (ambiguous) associations and were
excluded. This yielded 6386 matches with an overall
position-difference dispersion of o ~ 0.6 arcsec. A sample
of 2260 candidates was then compiled by selecting sources
with SuperCOSMOS magnitudes of by < 18 and rr < 17.
These limits were required to obtain good signal-to-noise
ratio spectra (S/N > 10 pixel™!) and enable reliable iden-
tifications. The reliability of the SuperCOSMOS optical
detections to these magnitude limits is expected to be
>99.9% (Hambly et al. 2001b). The single b and r band
photometry has an accuracy of ¢ ~0.3 mag whereas, due
to specifics of the calibration procedure, b; — rr colors
are expected to have an accuracy of o <0.12mag (for
details, see Hambly et al. 2001b). The 2260 candidates
were then proposed for follow-up with the 6dF multifi-
bre spectrograph. 1182 were eventually allocated fibers,
mainly as secondary targets during scheduling of obser-
vations for the 6dFGS (Jones et al. 2004). Our objects
were distributed over an effective non-contiguous area of
~1592 deg?.

It is important to note that our initial sample of candi-
dates (with J — K > 2) was selected from an early version
of the 2MASS Point Source Working Database. Subse-
quent recalibration and selection of alternate observations
of some of these sources for inclusion in the final 2MASS
PSC resulted in some of them having colors J — K < 2.
In the end, the majority of sources classified as AGN
had J — K 2 1.5, with ~20% satisfying 1.5 < J — K; <2
according to photometry in the public-release PSC. Uncer-
tainties in the J — K colors were typically <0.16 mag
(1-0).

3 Observations and Reduction

Spectra were obtained over the course of the 6dFGS dur-
ing 2001-2006 using the UK Schmidt Telescope and the
6dF spectrograph (Watson et al. 1998; Saunders et al.
2001). For details on the 6dFGS observing strategy, see
Jones et al. (2004, 2009). The primary sample for the
6dFGS was drawn from the 2MASS Extended Source
Catalog (XSC; Jarrett et al. 2000). Seventeen additional
(secondary) extragalactic samples were merged with the
primary sample (see table 3 in Jones et al. 2009). Dur-
ing survey design, these were given priority indices and
our initial sample of 2260 candidates had a complete-
ness in coverage of 91.7%. This gave ~6 AGN candidates
per 6dF on average, although not all 6dFGS fields con-
tained our targets because of the different galactic latitude
constraints.

The 6dF multifiber spectrograph was able to record
up to 120 simultaneous spectra over a 5.7° field. Each
fiber has a projected diameter of 6.7 arcsec on the sky.
The 2MASS positions were accurate to <0.5 arcsec and
therefore light losses due to fiber positioning errors
were expected to be small. For the 10th-90th percentile
range in redshift for the extragalactic identifications,
7220.15-0.45, the fiber diameter corresponds to physical
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scales of R~17.5 to 38.7kpc h;ol. This means the
6dF spectra sampled light from entire galaxies, and not
necessarily their nuclei.

Each spectrum was taken using V and R gratings,
whose outputs were later spliced to cover the effective
wavelength range: ~3900-7500 A. The observed S /N was
typically 3—10 pixel~!, with >10 pixel ! being nominal
due to the brightness of our sources. Spectra with low
S/ N were primarily due to poor observing conditions. The
spectral resolution was typically R~1000 throughout,
corresponding to emission-line full width at half max-
ima (FWHM) of ~4-8 A over the observed wavelength
range. This enabled us to resolve rest-frame velocities of
>205kms~! over the range z >~ 0.15-0.45, sufficient for
AGN identification and classification.

The data were reduced, spectra extracted, and wave-
length calibrated using a modified version of the Two
degree Field Data Reduction (2dFDR) package developed
for the 2dF Galaxy Redshift Survey. Details of the reduc-
tion are described in Jones et al. (2004) and products from
the final data release (DR3; 2009 April) are described in
Jones et al. (2009). The flux calibration was very crude
in that the same average spectral transfer function (derived
once using a couple of standards) was assumed for every
6dF observation for all time. The spectra are therefore
not of spectrophotometric quality. This severely limited
our classification process, e.g., using emission line ratios
(see Section 4). The spectra were corrected for atmo-
spheric absorption and emission features. However in
some cases, imperfect sky-subtraction has left the imprint
of the brightest sky lines.

Quality flags were assigned by the semi-automated
6dFGS redshift determination pipeline (see Section 4 for
details). Almost all redshifts were visually inspected by
the 6dFGS team. Quality flags in the range Q = 1-4 were
assigned in the final public catalog?. Q =4 represents a
very reliable redshift where, typically, the median spec-
tral S/N was ~10 pixel~!. Q =3 was assigned to ‘likely’
redshift and Q =2 to ‘tentative’ redshift with spectra war-
ranting further examination. We visually examined all
spectra with quality flags Q > 2, although the majority
of usuable spectra had Q =4 and a handful had Q =3.
Due to the faintness of the sources in general, 750 of the
1182 spectra observed were of such poor quality that no
classification was possible. Classifications were therefore
secured for 432 spectra.

Figure 1 shows: the number of proposed AGN can-
didates (using the optical/near-IR constraints defined in
Section 2); the number of 6dF spectra observed; and the
number with secure spectral identifications as a function
of K; magnitude. The dearth of candidates in the faintest
bin, 15 < K < 15.5, is due to a combination of our optical
magnitude limits and the original J — K > 2 cutoff. This
cutoff implies J = 17 for K > 15 and hence a fraction of
sources are expected to fall below the J-band flux limit
and be excluded from the candidate list. This drop was also

2 Accessed via http://www.aao.gov.au/6dFGS/.
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Figure 1 K brightess distribution of proposed AGN candidates,
sources with observed spectra, and sources for which we secured
a reliable spectral identification. The top horizontal axis shows
the approximate completeness (= number spectra observed/number
candidates) for several magnitude bins.
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Figure2 J — K; color distribution of sources with observed spec-
tra, sources for which we secured a reliable spectral identification,
and those identified as type I and type II AGN.

seen in the Cutri et al. (2002) sample of 704 candidates
with follow-up optical spectroscopy. Figure 2 shows that
we are not significantly biased against identifying sources
with the reddest J — K colors. In fact, the spectral iden-
tification rate as a function of J — K is approximately
uniform.

Figure 1 shows that the number of spectra observed uni-
formally samples the K distribution of candidates, i.e., the
completeness is approximately uniform. However, there is
relatively higher incompleteness in the number of spectra
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Figure3 b; — K color distribution of sources with observed spec-
tra, sources for which we secured a reliable spectral identification,
and those identified as type I and type IT AGN.

identified at the faintest magnitudes, 14.5 < K < 15.25.
The incompleteness in this range is ~70% with respect
to the number of spectra observed. This is primarily due
to the faintest sources generally having poorer quality
spectra. These are expected to be near the optical magni-
tude limit imposed for spectroscopy, 17 < by < 18.In fact,
the introduction of an optical magnitude cut is expected
to have biased the spectral sample towards bluer optical
colors in general. Comparing the relative deficit in the
number of faint (K > 14.5) sources to the original can-
didate K distribution (from Cutri et al. 2002) with no
optical magnitude limit imposed, we estimate we have
lost 235% of candidates due to this optical cut. A majority
of these missed candidates (with b; > 18) have by — K
colors ~4-6. However, the spectrally-observed b; — K
distribution (Figure 3) shows that we are not completely
biased against identifying the reddest sources. When com-
pared to the colors of optically selected QSOs, the 2MASS
AGN have a tail extending to moderately redder colors (see
Figure 10 and Section 5.2 for more details).

4 Classification

All spectra were initially classified using the semi-
automated 6dFGS classification software, whose primary
purpose was to determine accurate redshifts. This is amod-
ified version of the RUNZ software used for the 2dF Galaxy
Redshift Survey (Colless et al. 2001). It used 13 spectral
templates to identify spectra using line-fitting and cross-
correlation techniques. In general, this program produced
very reliable redshifts for all galaxies, although was less
reliable at separating out the various AGN classes from
late- and early-type galaxies, and stars. All spectra were
visually inspected to determine whether a poor-quality
spectrum flagged by the 6dFGS software was worthy of
further examination.

F. J. Masci et al.

Table 1. Rest wavelength regions used in emission-line
measurements
Line Center® Continuum integration Line integration
A) limits (A) limits (A)
[Cu] 1908.73 1800-1850, 1970-2010 1860-1955
Mg 2798.75 2650-2700, 3000-3050 2750-2850
[On] 3728.48 3650-3700, 3770-3815 3710-3740
HpB 4862.68 4740-4840, 4880-4940 48454880
[Om]  5008.24 4880-4940, 5030-5100 4990-5025
Ha 6564.61 6400-6520, 6630-6700 6550-6572
[N1] 6585.28 6400-6520, 6630-6700 6572-6594
[Su] 6725.48°  6630-6700, 6745-6845 6700-6745

4As defined in Vanden Berk et al. (2001).
bAverage of doublet [Su] AL6718.29, 6732.67.

432 spectra were of sufficient quality to enable a classi-
fication of some sort, but not necessarily an unambiguous
identification. All spectra were shifted to their rest frame
using redshifts determined by the 6dFGS program.

4.1 Emission-Line Diagnostics

We assembled a database of emission-line diagnostics for
all the good quality spectra to assist with the identifi-
cations. The diagnostics included line fluxes, equivalent
widths (EWs), and dispersion velocities. These were esti-
mated by fitting Voigt profiles and the underlying continua
were approximated by linearly interpolating straight-line
fits on either side of each line. Line fluxes were then deter-
mined by integrating the flux in the fitted profiles above the
continuum level. Dispersion velocities were determined
from the FWHM of the lines. The lines of interest and the
effective wavelength regions used to define the continuum
and line integration limits are shown in Table 1.

The fitprofs task in IRAF was used for the automated
measurement of line diagnostics. This included the abil-
ity to deblend closely separated lines, e.g., Ho and [N11].
An important input parameter for the fitprofs task is an
estimate of the 1-o uncertainty per pixel. This allows
the program to compute uncertainties in each of the fit-
ted line parameters. Since the fitting was non-linear, this
was accomplished using a Monte Carlo simulation. The
spectral uncertainty was computed by first selecting a rel-
atively clean region in the rest frame common to each
spectrum, i.e., devoid of strong emission and absorption
lines. We selected the rest wavelength range 5050-5400 A.
We then fitted a straight line to the data in this region using
arobust (outlier-resistant) regression method based on the
concept of ‘M-estimation’ (Huber 1981). The uncertainty
was then estimated using the median absolute deviation
in the residuals from the fit, and is also robust against
potential outliers:

o ~ 1.4826 median {|p; — fit{pi}|}, (1)

where p; is the value of the ith pixel in the 1-D spec-
trum and fit{p;} is the fitted value. This quantity is scaled
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Figure 4 Distribution of rest-frame Ho and HB equivalent widths
for all galaxies with the best quality specta. We are sensitive to all
equivalent widths to the right of the vertical dotted line (>5 A).

such that it converges to the standard-deviation of a Gaus-
sian in the limit of a large sample. For spectra where
the range 5050-5400 A included or fell outside the long
wavelength end (A;q) after shifting to the rest frame,
a wavelength range of Areg —250 <A < Aeq — 20A was
used instead. In all cases, this ensured >20 pixels for the
noise computation.

We estimated the smallest EW we are sensitive to by
examining the dispersion in He and HB EWs of all the
galaxies (and potential AGN) with the best quality spectra
(Q =4). Figure 4 shows these distributions. EW measure-
ments clustered around zero are lineless galaxies where an
identification would be highly unreliable, if at all possible.
We found we should be sensitive to galaxies with rest-
frame EW in either Ho or HB of >5 A. Given our observed
wavelength range, either of these lines are expected to be
observed at z < 0.5 and therefore were used as constraints
in the identification process below.

Line fluxes and EWs were also measured interactively
by integrating the line fluxes directly from the 1-D spectra.
These were in excellent agreement, to within measure-
ment error, with the profile-derived fluxes from above.
All lines were visually inspected and unreliable flux mea-
surements flagged. These were primarily lines that were
contaminated by a strong sky line or atmospheric absorp-
tion band. Our final emission line database retained lines
with fluxes 2>2.50, and lines that were clearly discern-
able by eye in case our automated measurement of o was
overestimated. Unreliable o estimates occured in ~7%
of the spectra. Note that we did not correct the emission
line fluxes for any underlying absorption (e.g., from stellar
photospheres) since a study using similar spectra from 2dF
by Francis et al. (2004) found this effect to be negligible.

A first pass examination of the spectra together with
initial classifications provided by the 6dFGS program
motivated us to define six broad object classes: type I
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Figure 5 Line ratio diagram for galaxies with type I AGN classifi-
cations removed. Diamonds and filled circles are ‘probable’ type II
AGN and star-forming galaxies, respectively, all at >0.2 dex (1-0)
from the classification boundary of Kewley et al. (2001, solid line).
Crosses are composites (classified as unknown galaxies). Errors in
the line ratios are typically 0.2 dex (1-0).

AGN; type II AGN; starburst or late-type star-forming
galaxies; early-type galaxies; stars; and unknown emis-
sion line galaxies. These classes and the criteria used to
identify them are as follows.

Spectra with broad Ho and/or HB emission lines
exceeding 1000 km s~ (FWHM), or with other broad
permitted lines present, e.g., [Cii] or Mg for z2> 1
and z = 0.4, respectively, were classified as type I AGN.
Included in this criterion are S/N > 2.5 on the FWHM
measurement and a Ho or HSEW > 5 A. Spectra in which
known broad lines could be discerned by eye but were rel-
atively noisy, i.e., with flux S/N <2.5 were classfied as
‘probable’ type I AGN.

Non-type I AGN spectra were classified using line
ratios involving good measurements in either of the
following line pairs: ([Om1], HB) or ([N11], Hx) or ([Si],
Ha) or ([Om], [O11]). We first attempted a classification
using the diagnostic diagrams of Kewley et al. (2001,
2006), which are based on the classic BPT diagrams of
Baldwin et al. (1981). Figures 5 and 6 show the tradi-
tional line-ratio diagrams using our good quality spectra
(with pre-classified type I AGN removed) and where all
four lines had flux S/N > 2.5. Unfortunately, all four lines
in either Figure 5 or 6 were only simultaneously visible
(and with good S/N) in 8% (23/296) of the good-quality
non-type I spectra. Furthermore, the errors in the line
ratios (~0.2 dex, 1-0) were too large for the bulk of these
spectra to be reliably classified. We therefore declared the
few type II AGN and star-forming galaxies that could be
classified using this method (at distances >1-o from the
classification boundaries) to be probable identifications.

For the remaining 273 sources with good qual-
ity data, and where only one of the above line pairs
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Figure 6 Line ratio diagram for galaxies with type  AGN classifi-
cations removed, but with [S11] in the abscissa. Diamonds and filled
circles are ‘probable’ type Il AGN and star-forming galaxies, respec-
tively. The solid line is the AGN/star-formation discriminator from
Kewley et al. (2001). Crosses are composites (classified as unknown
galaxies). Errors in the line ratios are typically 0.2 dex (1-0).

was available (predominately when z2>0.1), a galaxy
was classified as a ‘probable’ type II AGN if either
of the following was satisfied: log([Omi]/HB) > 0.3
or log([Nu]/He) > —0.2 or log([Su]/He) > —0.35 (e.g.,
Zakamska et al. 2003) or log([Om]/[Ou])>0 (e.g.,
Fraquelli & Storchi-Bergmann 2004; Kewley et al.
2006). Combined with any of these, we also required
a rest-frame FWHM([Om1]) > 300kms~!, FWHM(Ho
or HB) < 1000 km s_l, and He or HB EW > 5A. The
FWHM([O111]) limit was included to improve the relability
of type Il identifications when only one line pair was avail-
able. For comparison, Zakamska et al. (2003) assumed
FWHM([Om]) > 400 kms~—!. We assumed 300kms~!
since the distribution for FWHM([Or11]) for their entire
type IT sample falls off sharply at <300 km s~ . In the end,
this limit made little difference to the type II identification
statistics.

Probable starburst/late-type starforming galaxies were
classified using the negation of these single line ratios
with some buffer to allow for flux errors, i.e., those
with: log([Om]/HB) < 0.2, or log([Nu]/He) < —0.3, or
log([Su]/Ho) < —0.4, or log([Ou1]/[On]) < —0.2.

It is important to note that the type II AGN identified
using the above single line pairs could be contaminated by
low-metallicity emission-line galaxies or liners, especially
at low redshift. Furthermore, the non-spectrophotometric
nature of our spectra could invalidate some identifications
made using widely separated lines (e.g., the pair [O111],
[Om1]). These classifications are therefore very tentative
given the quality of our data. Hence, we declare all type
II AGN identifications quoted in this paper to be prob-
able. Follow-up with higher S/N spectral observations,
preferably with better calibrated throughput as a function
of wavelength, will be needed for confirmation.

F. J. Masci et al.

Early type galaxies were identified through the charac-
teristic 4000A break, a signature caused by the dearth
of hot and young (usually O- and B-type) stars and
strong heavy-metal absorption by stellar photospheres.
Stars were isolated by first ensuring that their radial veloc-
ities were <150 kms~!. Their spectra were then matched
to templates from the ELODIE stellar library (Moultaka
et al. 2004). The majority were K and M dwarf stars. All
other galaxy-like spectra with He or H8 EW > 5 A but not
fitting the above criteria — e.g., with single line measure-
ments, or composites lying within 1-o (£0.2 dex) of the
type II/starburst classification boundaries in Figure 5 or
6 — were classified as ‘unknown galaxies’.

4.2 Results Summary

Table 2 summarizes our source classifications. We only
include our secure identifications for the type I AGN, and
probable identifications (as described in Section 3) are
classed as ‘unknown galaxies’. Also included are statistics
for type I and type II AGN from the Cutri et al. (2002)
northern 2MASS AGN survey and Francis et al. (2004)
southern 2MASS AGN survey. The latter is broken into
two color cuts. The Cutri et al. (2002) study has at least
twice the detection rate for type I AGN. This could be due
to deeper spectroscopic follow-up of fainter single targets
in their study. It is possible that a significant fraction of our
fainter targets at K; > 14.5 (e.g., Figure 1) could not be
secured are type  AGN through spectral identification. Itis
also interesting to note in Table 2 that there is a tendency
for the type I AGN identification rate to increase with
J — K color.

Figure 7 shows a sampling of spectra for the new
type I AGN, primarily those with the highest redshifts.
Two of the sources are at z > 1: 2MASS J21571362-
4201497 with z =1.321 and 2MASS J10012986-0338334
with z = 1.389. The latter has been classified as a probable
type I AGN due to a low spectral S/ N, although given its
relatively high redshift, it is most likely a QSO.

Table 3 lists the secure (T1) and probable (PT1) type I
AGN identifications. There are 116 classified as T1 and
20 as PTI1. Previous or alternative names as listed in
the NASA Extragalactic Database (NED) are given. Of
the 136 type I AGN, 8 (~6%) were previously classified
as either ‘AGN’, ‘QSO’ or ‘AGN/QSO?’ in NED. Four
of these are in the SDSS QSO sample. This implies a
majority are new, previously undiscovered AGN. Interest-
ingly, ten of our type I AGN were previously detected in
X-ray by the ROSAT All-Sky Survey (RASS). Table 4
lists the type II AGN, all of which are classified as prob-
able using the methods described in Section 3. None of
the type II AGN were previously classified as AGN-like,
and only one was detected in X-ray by the RASS. Of
the previous classifications available in NED, a major-
ity of our type I and II AGN are listed as galaxy-like and
extended in the optical (SuperCOSMOS digitized plates)
or near-IR (2MASS Atlas Images). At least 30% are also in
the 2MASS Extended Source Catalog (XSC; Jarrett et al.
2000). This is expected given the depth of our sample.
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Table 2. Source classifications and comparisons to previous studies

This study Cutri et al. (2002) Francis et al. (2004) Francis et al. (2004)

J—Ks21.7) (J—K;>2.0) J—K;>1.2) (J—K;>1.8)
Number classified 432 664 1304 66
Stars (%) 23 (5.3)* 66 (9.9) 330 (25.3) 6(9.1)
Unknown galaxies (%) 193 (44.7)
Early-type galaxies (%) 17 (3.9)
SB/late-type galaxies (%) 26° (6.0) 106 (8.1)
Type I AGN (%) 116" (26.8) 385 (57.9) 14 (1.1) 4(6.0)
Type I AGN (%) 57¢ (13.2) 100 (15.0) 23 (1.8) 0(0.0)

4Values in parenthesis are percentages of the ‘number classified’ (first row).

The 20 probable identifications are excluded here and classified as ‘unknown galaxies’.

“We declare all these to be probable identifications.
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Figure 7 Rest-frame spectra of some new type I AGN overlayed with emission lines typically found in QSO spectra. The spectra for all
objects listed in Tables 3 and 4 can be viewed by querying the 6dF public database: http://www.aao.gov.au/6dFGS/.

5 Discussion

This section reviews the properties of our 2MASS
AGN and compares them to those of AGN/QSOs dis-
covered in optical surveys. We explore their redshift,
luminosity, photometric and line EW distributions. Our
primary benchmark and comparison sample of optically-
selected AGN/QSOs is the SDSS Quasar Catalog Data
Release 5 (DRS5; Schneider et al. 2007). This cata-
log contains 2MASS matches to 9824 AGN, all within
2 arcsec.

5.1 Redshift and Luminosity Distributions

Our 2MASS AGN span the range 0.01 <z<1.38 as
shown in Figure 8a. The median z is ~0.27 and ~0.21
for type I and type Il AGN, respectively. A majority of our

AGN are at low redshifts, with only two at z > 0.7. There
are six securely identified AGN (four type I, two type
II) at z < 0.05. This is 24% (6/25) of all secure galaxy-
like spectral identifications (including unknown types)
in this redshift range. This is a lower limit since some
objects classified as ‘unknown’ could be type II AGN.
Even removing our ‘probable’ type II AGN, the AGN
fraction is still relatively high. For comparison, Hao &
Strauss (2004) find ~4% of ~15200 SDSS-detected
galaxies at z < 0.05 harbor AGN (mostly Seyferts). An ear-
lier study by Huchra & Burg (1992) found AGN (including
LINERs) in ~3.4% of a sample of 2399 nearby blue-
selected galaxies. These studies are not a fair comparison
since the galaxies were optically selected. It would be of
interest to determine the fraction of SDSS galaxies with
active nuclei for a color cut of J — K > 2.
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Figure 8 (a) Redshift distributions for our type I and IT AGN, and inactive galaxies with good quality spectra including ‘unknown’ galaxies.
(b) J — K color versus redshift for our type I and II AGN, and SDSS QSOs. The line shows the prediction for radio-quiet QSOs using the
template of Elvis et al. (1994). Uncertainties in J — K are <0.16 mag (1-0).

We have a significantly higher AGN identification rate
than any previous low redshift galaxy sample. This is
expected to be due to our red J — K color selection. The
Francis et al. (2004) survey of 2MASS AGN had a bluer
colorcut, J — K > 1.2, and had a significantly lower AGN
fraction (see Section 4.2 and Table 2). Evidence for (low-
luminosity) AGN activity was recently found in 17% of
a sample of 64 late-type spiral galaxies by Desroches &
Ho (2009) using X-ray data from Chandra. Wilkes et al.
(2002) and Kuraszkiewicz et al. (2009) also showed that
the 2MASS red AGN are generally weak X-ray emitters,
with the reddest J — K sources being the weakest. AGN
with low luminosities are therefore more common than
previously thought.

Another consideration is that the 6dF fiber diameter
corresponds to sampling physical scales of R > 12.3kpc
h;ol at z>0.1. This means the 6dF spectra are sampling
light from entire galaxies, even at the lowest redshifts. Fur-
thermore, we are only sensitive to AGN with Ha or HS
EW > 5A. Ho et al. (1997) showed that we are likely to
miss many AGN at this EW limit within our large aper-
ture. From spectral observations of the nuclear regions
(<200 pe) of alarge sample of blue-selected nearby galax-
ies, they found that almost 50% contain active nuclei. Even
though galaxy light can significantly dilute the contribu-
tion from an AGN, we find that a near-IR selected sample
with a red color cut can reduce the fraction of objects
whose SEDs are dominated by host galaxy light, contrary
to the claim of Ho et al. (1997).

Our redshift distribution is consistent with that from
Cutri et al. (2002) who used a similar J — K color cut.
They detected two QSOs with z > 2.3, consistent with an
enhancement of the K band flux from Ho emission mov-
ing into that band. Figure 8b shows J — K versus redshift
for our AGN and SDSS QSOs. This shows that our red
near-IR color criterion is biased towards AGN selection
in low-redshifts because of the k-correction effect of the
AGN/QSO SED. Most AGN show a sharp rise in flux in
the rest frame between 1 and 2 wm, possibly from hot

dust emission (e.g., Sanders et al. 1989), and this is red-
shifted out of the K band at z 2 0.5. The J — K colors
of SDSS QSOs and the prediction for radio-quiet QSOs
from the template of Elvis et al. (1994) confirm this trend.
Barkhouse & Hall (2001) showed that 2MASS has the
sensitivity to detect QSOs with J — K; > 1.5 out to z >~ 4,
maybe higher (see their figure 5), although they are very
rare.

Figure 9 compares the K flux and luminosity between
active and inactive galaxies as a function of redshift. We
assumed a power-law SED f,, oc v™* for the k-correction.
The slope o was derived from the J— K color of
each source. No foreground redenning correction was
applied since the extinction is typically Ax < 0.05 mag
for galactic latitudes |b| > 30° (Schlegel et al. 1998).

Figure 9b shows that the near-infrared luminosities of
some of our active galaxies are comparable to those of
securely identified inactive galaxies. These are a mixture
of early-type and late-type starburst galaxies, and their
near-IR emission is dominated by the less-luminous host
galaxy. Our AGN have a tail extending to higher luminosi-
ties (by ~2 mag) than the inactive galaxies. This trend has
been found by many authors at other wavelengths (e.g.,
Huchra & Burg 1992; Hao & Strauss 2004). Also, host
galaxy emission could be non-negligible in the type II
AGN, suggesting they would be slightly less-luminous
than the type I AGN. This luminosity dependence is con-
sistent with the observation that the fraction of type | AGN
in our sample increases with redshift relative to inactive
galaxies and there is a dearth of type Il AGN at z > 0.4. For
comparison, the bulk of the type I AGN extend to z >~ 0.6.

The K luminosities of our 2MASS AGN generally
overlap with those of SDSS QSOs in the same redshift
range, but the bulk at z > 0.2 are more luminous on aver-
age than the locus formed by the SDSS QSOs (Figure 9b).
Our AGN therefore have luminosities closer to QSOs than
Seyferts, although we caution that the SDSS QSOs and
2MASS AGN were selected using entirely different tech-
niques. Figure 9a shows that our AGN have a K flux limit
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Figure 9 Apparent K; magnitude (a) and absolute K magnitude (b) as a function of redshift for 2MASS AGN, SDSS QSOs, and securely
identified inactive galaxies in our sample where ‘unknown’ classifications were omitted.
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Figure 10 Color-color plots involving by, rr, J, K for 2MASS red AGN and SDSS QSOs. The lines with filled dots indicate changes in
colors due to pure dust reddening of a fiducial blue QSO assuming a 1/A extinction law at z =0 (solid lines), and at the median redshift of
our type I AGN, z =0.27 (dashed lines). These predictions assume the intrinsic (unreddened) colors of a QSO from the median composite of
Elvis et al. (1994). The vertical/horizontal lines denote (maximum) 1-o uncertainties along each axis: ~0.32, 0.12, and 0.16 mag for b; — K,

by —rr, and J — Kj, respectively.

(K =15.5) brighter by 0.5 mag than the bulk of SDSS
QSOs at similar redshifts. A large fraction of the SDSS
QSOs at 7> 0.2 are detected to fainter K; magnitudes.
The lower number of 2MASS AGN at K > 15 is due to
the higher incompleteness in spectral identifications at the
faintest magnitudes. We are therefore sensitive to the most
near-IR luminous objects of the optically selected QSO
population.

The ratio of type I to type II AGN in our sample is
~2:1. This ratio cannot be compared to studies at other
wavelengths due to the high level of incompleteness in
our sample brought about by, e.g., the relatively bright
optical cutimposed by spectroscopy (see Section 3). How-
ever, compared to previous 2MASS AGN studies that
performed follow-up spectroscopy to similar optical lim-
its, there is tentative evidence that the type I to type II
ratio depends on J — K color, in the sense that a red-
der color cut has a higher proportion of type I AGN. For
example, Francis et al. (2004) find ratios of 14:23 and 4:0
for J — Ky > 1.2 and > 1.8, respectively, and Cutri et al.
(2002) found ~4:1 for J — K > 2 (Table 2). We find ~2:1

for an effective J — K > 1.7. All these studies follow the
same qualitative trend and cannot be explained by redshift
or luminosity dependent biases. This is consistent with
the notion that most type II AGN (e.g., Seyferts 2s) have
their optical-to-near-IR emission dominated by ‘blue’ host
galaxy light, and that a red J — K cut will select more
sources where the active nuclear emission dominates, i.e.,
type I AGN and QSOs at moderately low redshift.

5.2 Broadband SEDs and Dust Reddening

Figure 10 compares the optical-to-near-IR colors of
2MASS red AGN to those of SDSS QSOs. The SDSS
optical magnitudes were converted to equivalent UKST
photographic b, rr magnitudes by first converting them
to Cousins B, V using the color corrections in Fukugita
et al. (1995), and then to UKST magnitudes (on the Vega
system) using the corrections in Blair & Gilmore (1982).
Overall, the type I AGN span a range in b; — K and
by — rF color similar to those of optically-selected SDSS
QSOs at the same J — K color cut. This is not surpris-
ing because our sample required a relatively bright optical
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magnitude cut for reliable follow-up spectroscopy (see
Section 2). We could indeed be sampling the same AGN
population detected in the optical and spanning the same
(low) redshift range (Figure 8b). Interestingly, the spread
in by — K and by — rr of the 2MASS red AGN are also
consistent with the radio-loud quasar selected samples of
Webster et al. (1995) and Francis et al. (2000), although
these samples spanned a large range in redshift and very
few sources were detected in all 2MASS bands.

The type II AGN have redder optical colors than
the bulk spanned by type I AGN (Figure 10b) where
A(bj —rr)~1mag. This is consistent with the AGN
unified model where our view to the nuclear region is com-
pletely obscured and red host galaxy light will dominate
the continuum flux at all wavelengths. The starlight can be
instrinsically red (e.g., evolved stars), reddened by dust,
or both. Type I AGN have bluer optical colours, consistent
with the SDSS QSOs. The optical properties of 2MASS
red type I AGN are therefore not dramatically different
from those in optically selected samples.

Our spectral observations are not sufficiently spec-
trophotometric to warrant use of emission line ratios to
constrain the amount of dust reddening. However, the dis-
tribution of optical and near-IR colors does not exclude
mild amounts of dust reddening. Figure 10 shows redden-
ing vectors for dust with an optical depth 1, o< 1 /X applied
to the colors of a typical blue QSO in the rest frame (z = 0)
and as observed at the median redshift of our type I AGN
(z=0.27). In order for a ‘blue’ QSO to be promoted to
the region of color space occupied by the 2MASS red type
I AGN, we require extinctions of Ay <2 mag. Note that
there is evidence that the color-color locus occupied by the
SDSS QSOs may already be extended by dust reddenning
with Ay < 1.5 mag (Richards et al. 2003). This is to be
compared to QSOs discovered in earlier optical/UV sur-
veys that used more rigid selection criteria. For example,
the LBQS (Hewett et al. 1995) spans 0.6 S J — K, < 1.4,
2<b;—K;<4, and 0.5<b;—rp < 1.5, considerably
bluer than the SDSS QSOs. Using the LBQS as an unred-
dened comparison sample would make the 2MASS AGN
colors more difficult to reconcile with a simple screen
extinction model with 7, o< 1/A. Most of the 2MASS AGN
are too blue in their optical colors for dust to be wholly
responsible for modifying their optical/near-IR continua
relative to blue-selected QSOs.

However, there is some evidence that at least some
2MASS AGN are reddened by dust. The SEDs for a
sample of ten very red 2MASS AGN with J — K > 2,
R—K;>5,b; — Ks 2 5.5 were modeled by Georgakakis
et al. (2009). They found that all sources were consis-
tent with moderate amounts of dust redenning of Ay =
1.3-3.2 mag. They also found that the mid-IR SEDs are
dominated by hot dust and that their 60/12 pm luminosity
ratios are significantly higher than those of blue-selected
Palomar-Green (PG) QSOs (Schmidt & Green 1983),
suggesting a higher level of star-formation. Similar con-
clusions were reached by Kuraszkiewics et al. (2009),
including evidence that in a handful of highly polarized
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Figure 11 Rest-frame SEDs of Infrared Astronomical Satellite
(IRAS) detected 2MASS type I AGN (dots connected with lines)
and the median, 25th, and 75th percentiles of PG QSO SEDs from
Georgakakis et al. (2009, dashed and dotted lines). These authors
used survival statistics to account for upper limits in the flux mea-
surements of PG QSOs. All SEDs are normalized to a linearly
interpolated rest-frame 12 um flux density.

objects the optical has a contribution from AGN light
scattered by dust.

We repeated a similar analysis as in Georgakakis
et al. (2009) to determine whether our 2MASS red AGN
have a significantly higher far-IR emission on average.
A search through the Spitzer and ISO archives revealed
no mid-to-far IR data. However, eight type I AGN were
securely detected by IRAS in all bands (12, 25, 60, and
100 wm). One of these (2MASS J04225656-1854422)
was previously identified as a Seyfert 1 galaxy, another
(2MASS J02460800-1132367) was also detected in the
RASS as an ultra-luminous IR galaxy, and the remainder
are given a ‘galaxy’ classification in NED. The eight IRAS
all-band-detected AGN span redshifts 0.06 <z <0.27 and
are at the red end of the by — K color distribution with
by — Ky 2 4.5. Photometry was extracted from the IRAS
Faint Source Catalog v2.0 using the IPAC Infrared Sci-
ence Archive. In fact, only 10% of our 2MASS AGN (both
type I and II) were detected in at least one band by IRAS,
indicating the 2MASS red AGN are not predominately
associated with the ultraluminous IR QSOs found by Low
et al. (1988).

Figure 11 shows the rest-frame optical-to-far-IR broad-
band SEDs (atby, rr, J, H, K, 12,25, 60, 100 jum) of this
subsample of 2MASS AGN. The SEDs are normalized to
the rest-frame 12 wm flux density since this wavelength
is expected to be a relatively unbiased indicator of AGN
power (e.g., Spinoglio & Malkan 1989), i.e., independent
of dust extinction and star formation rate. The rest-frame
12 pm flux density was estimated by linearly interpolating
between the 12/(1 + z) and 25/(1 + z) wavelengths in the



318

@ ~ 4 )
1
]
@ x - 4
4
X & ol i
X QTN e !
alﬂ— .x}--gi:.l‘:‘? .
g ) xxFERE *:S_O: ,
E¥ K x -_;wni"". .
@ % YIS £ A
| A X :-‘...i(,t
| o,
g .t
™ A '
1
1
— 1
* Typel AGN !
® Typell AGN
- VP i

Logo(HP equivalent width / A)

T T T T 1
-05 0.0 0.5 1.0 1.5 2.0 2.5

F. J. Masci et al.

(b) ~ sDss
i
' . g
© Lo : %
P MK M.
1 Wy
— 0 ss OX® ;‘,é;f.y
e A J S
= -A\:'l'é*ﬁ:x"?"
E - ..:.Ai}‘.':i:*' .
v s * ;¥>‘ i
= L
o * '
o .
'
]
— 1
' * Typel AGN
% Type Il AGN
S i

T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Log1o([O11l] equivalent width / A}

Figure 12 b; — K color as a function of rest-frame HB equivalent width (a) and rest-frame [Om1] equivalent width (b) for the 2MASS
type I and II AGN. Dashed vertical lines show equivalent widths from the SDSS median composite spectrum of Vanden Berk et al. (2001).

1-o uncertainties are <0.32mag in b; — K and <0.18 in log;,(EW).

rest frame. Figure 11 also shows the spread (25th—75th per-
centile range) observed for optically selected PG QSOs.
These lines are directly from Georgakakis et al. (2009).
The 2MASS red AGN all have higher normalized rest-
frame far-IR emission at A = 80 pwm than the PG QSOs (at
>95% significance). Three 2MASS AGN also have higher
emission at rest-frame wavelengths 50 pm < A < 60 pm.
This indicates the far-IR emission in at least a handful of
2MASS AGN is dominated by heated dust, either due to
star formation, the central AGN or both. This same dust
could contribute to redenning of their optical-to-near-IR
continua. It’s important to note that the 2MASS AGN with
far-IR measurements are at the tail of distribution — i.e.,
just those with IRAS detections — and their IR SEDs are
not necessarily representative of 2MASS AGN in general.

5.3 Equivalent Width Distributions

Figure 12 shows b; — K color as a function of EW of
the broad (permitted) emission line, HB, and the narrow
(forbidden) emission line, [Or11] (A 5008 A). Traditionally,
the broad emission lines are thought to originate from pho-
toionized gas close to the central AGN known as the broad
line region (BLR). The narrow lines from much further
out, to a few hundred parsecs or more, are known as the
narrow line region (NLR).

Overall, the HB and [Om1] EW distributions for our
type I AGN are consistent with those of optically selected
quasars (e.g., from SDSS). However, there is a clear sep-
aration in these EWs between our type I and II AGN and
this is consistent with the AGN unified model. The HS line
in most of the type II AGN appears intrinsically weaker
than in type I AGN. This is because fewer ionizing pho-
tons are reaching and being reprocessed by the NLR due
to, e.g., absorption and scattering by dust. In type I AGN,
we have a direct view of the BLR line emission. Emission
from the NLR can also contribute to the observed Hf line
flux in type I AGN. The type II AGN also appear to be
redder on average in by — K than the type I AGN. This
is also consistent with the unified model if the continuum

flux in type II AGN suffers more extinction from dust, or
if obscuration of the central AGN allows us to see more
contribution from a ‘redder’ host galaxy, e.g., from old
stellar populations.

The behavior in the EW of the narrow [Omi1] emission
line (Figure 12b) for type I and IT AGN is reversed. Here,
the [Om1] emission from type I AGN is reduced relative to
the optical continuum because the latter is stronger (e.g.,
less extincted by dust) than that in type II AGN. This is
consistent with the differencein b; — K color between the
type I and II AGN being due to dust redenning. Interest-
ingly, by — K color is weakly but significantly correlated
with [Ou] EW for each of the type I and type II classes.
Pearson’s product-moment correlation coefficient is 0.29
and 0.32 for the type I and type II AGN, respectively,
with probabilities of <0.1% and <0.8% of these mea-
sures occuring by chance. Similar results are obtained
using Kendall’s non-parametric t test.

These results suggest anisotropic obscuration of the
central AGN and BLR, and that the bulk of the narrow-line
emission originates from beyond the obscuring material.
The type II AGN in particular require contamination by
non-AGN light (e.g., galaxy hosts) if the AGN continuum
source is obscured. Otherwise their [On1] EWs will be
much larger than observed. Scattered AGN light cannot
account for the additional continuum since it is expected to
be less than a few percent in these objects (Kuraszkiewicz
et al. 2009). In addition, the overlap in EWs between our
type I AGN and optically selected QSOs implies host-
galaxy contamination of their optical continuum emission
is minimal.

6 Conclusions

We have extended the 2MASS red AGN search to the
southern equatorial sky and increased the statistical base
of red AGN by ~35% relative to previous surveys (pri-
marily Cutri et al. 2002). We used the unique capabilities
of the 6dF instrument and efficient observing strategy of
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the 6dF Galaxy Redshift Survey to acquire spectra for
1182 candidates selected from the 2MASS PSC. Our main
conclusions are

1. Classifications were secured for 432 spectra, of which
116 were securely identified as type I AGN with
broad permitted emission lines exceeding 1000 km s~
(FWHM). 57 were identified as type II AGN, all of
which are tentative due to the non-spectrophotometric
nature of their spectra, availability of appropriate emis-
sion line pairs, and line flux measurement uncertainties.

2. A majority of the type I AGN are new, with only
eight (~6%) previously identified as AGN or QSOs in
the literature. Most of them were previously classified
as galaxy-like and extended in the optical (Super-
COSMOS digitized plates) or near-IR (2MASS Atlas
Images). 95% span the redshift range 0.05 < z <0.5.

3. Our selection method finds a significantly higher frac-
tion of local galaxies containing AGN than in previous
blue-selected galaxy surveys. Our red (J — K= 2)
color cut selects more AGN against the intrinsically
blue galaxy light. We find that ~24% of our objects at
7 < 0.05 are associated with an AGN. For comparison,
blue-selected galaxy samples are finding ~4%.

4. Comparing our ratio of type I to type II AGN to that
found in previous studies of 2MASS red AGN, there is
tentative evidence that this ratio increases with a redder
J — K color cut. This is consistent with the observation
that most type II AGN have their optical-to-near-IR
emission dominated by blue galaxy light, and that a
redder J — K cut will select more sources where the
active nuclear emission dominates, i.e., type I AGN.

5. The optical colors of the 2MASS AGN constrain any
extinction by dustat Ay < 2 mag relative to the SEDs of
blue optically-selected QSOs. Most of the type | AGN
are too blue in their optical colors for dust to signifi-
cantly affect their optical/near-IR continua. There are
also a handful of red type T AGN (with b; — K5 = 4.5)
showing excess far-IR emission at A 2 80uwm, and
some at S0 pum <A <60 um. This suggests at least
some 2MASS AGN reside in dusty environments.

6. The distribution of HB and [Om] EWSs, and
optical/near-IR colors for type I and Il AGN, are con-
sistent with AGN unified models. The EW of the [Om1]
emission line correlates with b; — K, color in both
types of AGN, suggesting anisotropic obscuration of
the central AGN. The type Il AGN require a significant
contribution to their optical continua by stellar light to
satisfy the EW measurements.

7. Overall, the optical properties of the 2MASS red AGN
are not dramatically different from those found in
optical QSO samples. This is most likely due to the
relatively bright optical magnitude limit imposed for
reliable spectroscopic identification. It appears that
red AGN selection in 2MASS detects the most lumi-
nous objects in the near-IR in the local universe to
72~0.6. This is an impetus to use similar methods for
future deep near-IR surveys. Indeed, such surveys have
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already begun to unravel a new population of AGN at
high redshift.
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