Variable Near-Infrared AGN in UKIDSS UDS
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ABSTRACT

We present the first attempt to select AGN using long-term NIR variability. By analysing the K-
band light curves of all the galaxies in the UKIDSS Ultra Deep Survey, the deepest NIR survey
over ~ 1 sq degree, we have isolated 393 variable AGN candidates. A comparison to other selection
techniques shows that only half of the variable sources are also selected using either deep Chandra
X-ray imaging or IRAC colour selection, suggesting that using NIR variability can locate AGN
that are missed by more standard selection techniques. In particular, we find that long-term NIR
variability identifies AGN at low luminosities and in host galaxies with low stellar masses, many of

which appear relatively X-ray quiet.
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1 INTRODUCTION

Active Galactic Nuclei (AGN) are some of the most lumi-
nous objects in the known Universe, believed to be powered
by accretion onto supermassive black holes (e.g. Rees 1984).

There are a variety of methods that can be used to
select AGN from pre-existing catalogues, using both pho-
tometric (e.g. Stern et al. 2005; Lacy et al. 2004, 2007) and
spectroscopic (e.g. Feltre et al. 2016) criteria, and each of
them has both strengths and weaknesses. For example, some
methods are geared towards low redshift samples, and can
become highly contaminated at high redshifts (Donley et al.
2008). Padovani et al. (2017) gives an overview of identifi-
cation techniques across the electromagnetic spectrum, and
their selection effects. Selecting AGN through X-ray emis-
sion is generally accepted to be the most complete method,
but this will only find the brightest AGN at high redshifts.

It is well established that the light from AGN changes
over time (e.g. Angione 1973). This characteristic can be
used to select AGN, and to study the physics of the system
on scales that are difficult to resolve with standard obser-
vational techniques. Selection by variability has been pre-
viously undertaken in the optical/UV (e.g. Pouliasis et al.
2019; Sénchez-Séez et al. 2019) and X-ray (e.g. Young et al.
2012) regimes.
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The properties of variability have been studied in
many wavebands (e.g. Angione 1973; Marshall et al. 1981;
Neugebauer et al. 1989, in optical, X-ray, and NIR respec-
tively) but there is not yet a standard, conclusive model for
what causes the observed variations. The timescale for vari-
ability is known to increase as the detection wavelength in-
creases. In X-rays, variability is seen on scales of minutes to
hours, while in optical it is on scales of days to months, and
in the near-infrared (NIR) significant variability is only seen
over months or years. Because of these changes in timescales,
the current theory postulates that the variability originates
from stochastic variations in the X-ray corona. These then
propagate out through the AGN, creating the variations in
emission seen from the accretion disk (optical) and the torus
(IR) (e.g. McHardy et al. 2016; Clavel et al. 1992). However,
this theory has been called into question by evidence of in-
trinsic optical and UV variability over long timescales (e.g.
Arévalo et al. 2008, 2009).

Due to the long timescales, NIR variability is largely
unexplored at high redshifts. This band is particularly in-
teresting, however, as it probes rest-frame red optical light
at high redshifts, allowing comparisons to varibility in the
local universe. In addition, rest-frame NIR light has been
shown to originate in both the accretion disk and the dusty
torus (Lira et al. 2011; Landt et al. 2011). Previous NIR
studies have generally either used observations of previously
known AGN to confirm that AGN do vary in the NIR (e.g.
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Enya et al. 2002) or used ensemble variability to characterise
the variations (e.g. Kouzuma & Yamaoka 2011).

Some of the longest NIR AGN light curves stud-
ied to date are presented in Neugebauer et al. (1989) and
Sénchez et al. (2017). Neugebauer et al. (1989) explored the
NIR variability of individual AGN by using a number of
different datasets to construct light curves spanning an
average of 6 years, with some covering up to 20 years.
Sénchez et al. (2017) examined the NIR light curves of indi-
vidual AGN over approximately 5 years, using photometric
data from the UltraVISTA survey (McCracken et al. 2012).
In both cases, the AGN were selected in different wave-
bands: Neugebauer et al. (1989) used optical selection, while
Sénchez et al. (2017) studied a sample of X-ray selected
AGN.

Selection by NIR variability has not previously been at-
tempted. This is because a survey with a long baseline of
observations, approximately 5 to 10 years, is required to de-
tect the high amplitude variations. In addition to this, deep
data is required to allow the detection of faint, high red-
shift objects and studies of small amplitude variability, and
a wide survey area is preferred in order to find rare types
of AGN from just the variability data. The majority of vari-
ations in the NIR light curves of AGN are only expected
to be observable from year to year. Although there is ev-
idence of small amplitude variations on shorter timescales
(e.g. Sanchez et al. 2017), AGN variability typically has a
red noise power spectrum so the largest amplitude variations
are seen over long timescales (e.g. Lawrence et al. 1987). As
such, selection through NIR variability on long timescales
ought to provide a relatively clean sample of AGN; the main
contaminants are expected to be variable stars and super-
novae.

The ~ 8 year baseline of the United Kingdom Infrared
Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS)
Ultra Deep Survey (UDS) makes it the perfect data set for
a study of this kind. The long baseline probes the timescales
where previous works have found interesting variability, and,
as the deepest NIR survey over such a wide area (50~ detec-
tion limit of K = 25.3 AB over ~ 1 degz)7 it is deep enough
to find faint AGN, while still covering a large enough area
to find rare objects amongst the AGN population.

This work focuses on selecting AGN using only their
variability in the NIR, and we compare the sample selected
in this way to AGN selected using X-ray emission, and in-
frared (IR) colours. The unique nature of the UDS, com-
bined with removing any prejudice introduced by prior se-
lection techniques, means that this study can probe AGN in
ordinary host galaxies as well as bright quasars.

The selection method is presented in Section 2. We
then compare to other selection techniques in Section
3, and present a population of X-ray quiet, low stel-
lar mass, low-luminosity AGN found through the analysis
in Section 5. We adopt a ACDM cosmology with Hy =
70 kms~1 Mpc~!, Qp = 0.7, Q,, = 0.3.

2 METHOD
2.1 Data

The UDS provides a unique data set for studying NIR vari-
ability of AGN. In addition to being the deepest NIR sur-

vey over 1 deg2, with a 50 detection limit of K = 25.3
(AB), the UDS has an unprecedented 8 year baseline for
time domain studies. The field is also well studied in a
wide range of wavebands, including X-ray imaging of the
whole field to a depth of ~ 10715 erg cm™2 s~! with XMM
(Ueda et al. 2008), deep Chandra imaging of the centre of
the field (Fj;pm ~ 10710 erg em™2 s™! Kocevski et al. 2018),
and imaging in all four bands of the Spitzer Infrared Array
Camera (IRAC, Fazio et al. 2004; Dunlop et al. 2007).

Photometric redshifts were determined using the
deep 12-band photometry available in the UDS field
(U,B,V,R,i’,7’,Y,J,H,K,3.6,4.5), based on the method out-
lined in Simpson et al. (2013). A wide range of galaxy
templates were used, using simple stellar populations from
Bruzual & Charlot (2003), with fitting completed using the
EAZY software (Brammer et al. 2008). The resulting photo-
metric redshifts were then used to derive other galaxy prop-
erties, such as luminosities and stellar masses. Further de-
tails will be provided in Almaini et al. (in prep) and Hartley
et al. (in prep).

In addition to deep photometric data, there has been ex-
tensive spectroscopic follow-up of the UDS field. The main
follow-up programme was the UDSz (ESO large programme
180.A-0776), which used the VIMOS and FORS2 instru-
ments on the ESO VLT to obtain spectra for > 3500 galax-
ies (see Bradshaw et al. 2013; McLure et al. 2013). Further-
more, the field was covered by the VANDELS spectroscopic
survey (ESO programme 194.A-2003, McLure et al. 2018;
Pentericci et al. 2018), providing ~ 780 VIMOS spectra, and
a follow up of post-starburst galaxies using VIMOS has
also been completed, providing ~ 100 additional spectra
(Maltby et al. 2016). A further ~ 4000 spectroscopic red-
shifts are provided from archival data, details of which can
be found in Simpson et al. (2012) and references therein.

The near-infrared imaging in J, H, K was obtained us-
ing the Wide Field Camera (WFCAM; Casali et al. 2007)
at UKIRT. A single WFCAM observation of the UDS com-
prises 10s exposures with a 3 x 3 micro-step, in order to in-
crease the pixel resolution of the images, and a 3 x 3 dither,
which offsets the effects of bad pixels and flat-fielding com-
plications. This adds up to a total exposure time of 810s per
observation. As WFCAM consists of four 13.7 x 13.7 arcmin
detectors with 12.9 arcmin between them, a total of at least
4 observations offset by ~ 13 arcmin is required to cover the
whole field. Further details on the UDS observing strategy
can be found in Lawrence et al. (2007) and Almaini et al.
(in prep).

The images used in this analysis were stacks of all ac-
ceptable K-band observations taken during one semester of
observing. We chose to complete this study on semester
stacks as using the stacked semester images allows us to
probe faint, high redshift objects, and preliminary tests re-
vealed that the majority of the variability could be seen
on those timescales. This is expected as AGN variability
follows a red noise pattern where the largest amplitude
variability is seen on longer timescales (e.g. Lawrence et al.
1987). In addition, the image preparation techniques used
in this work are non-trivial on shallower stacks, and probing
shorter timescales would considerably increase the amount
of contamination by supernova and other variables. Shorter
timescale stacks will be examined in future work when look-
ing into the structure of the variability. The K-band was
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Figure 1. Bar chart to show the number of 810s observations
included in each semester stack. The numbers at the top of the
bars indicate the K-band 50 detection limits in AB magnitudes
for each of the semester stacks. The 06B semester did not have
enough observations to be included in the analysis.

chosen for this selection as the data was taken in the best
seeing, it has the longest exposure time, and it is the deepest
band for the selection of typical high-redshift galaxies. The J
and H-bands will be added to the analysis in future work, to
explore the correlation of variability in different wavebands.
As the UDS field is only visible in the second semester
of a year, there are a total of 8 epochs across the whole
survey. Unfortunately, not enough observations were taken
in the 2006B semester (Figure 1), and therefore the image is
dominated by noise. As such, 2006B was not included, and
the final analysis was undertaken using 7 epochs spanning
2005 to 2012. Photometry was extracted from these stacks
by placing 2 arcsec apertures at all the positions where an
object was found in the final DR11 image of the UDS using
the SExtractor software (Bertin & Arnouts 1996). A 2 arcsec
aperture was chosen as it is optimises the trade off between
the aperture being large enough to minimise the effect of
changing seeing on the light curves, and small enough to
minimise dilution of the variability by the host galaxy.

2.2 Selection Technique

In order to ensure that the variations seen in the light curves
of objects are truly those of the observed object, any other
sources of variation must be taken into account. The main
source of variations between semester stacks is changes in
the point spread function (PSF). In order to minimise this
effect, each stack was convolved with a Gaussian kernel to
match the PSF's to the semester with the poorest PSF, which
was the 2010B stack. The PSFs were constructed by creat-
ing an image of the median star based on a sample of ~ 2000
stars in the magnitude range 15 < Kycgq < 19. The im-
pact of this convolution is best visualised by examining the
differences between radial profiles of the PSFs before and
after convolution. Figure 2 shows that before the convolu-
tion there are large differences between the radial profiles,
especially around the central peak, but these differences are
largely eliminated by the convolution.
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As the photometric uncertainties from SExtractor are
typically underestimated (Molino et al. 2014; Sonnett et al.
2013), we instead use uncertainties that were self-calibrated
from the data. The method used was tailored to take into
account any remaining variations due to noise or systematic
effects. In order to ensure these effects were incorporated
into the uncertainties, we used the spread of flux values
in the non-varying sources to provide a direct estimate of
the uncertainty on the flux. The varying sources were ex-
cluded from the analysis by modelling the uncertainties as
the characteristic variance with flux, and running a prelimi-
nary x? analysis to remove those with significant variability.
This process was then iterated to ensure the model wasn’t
skewed by the varying sources. The light curves of non-
varying sources were then normalised and split into bins of
flux (determined from the overall stack), epoch and quad-
rant. Within each bin, the standard deviation of the nor-
malised flux values then provided the calibrated photomet-
ric uncertainty on any object in that bin. This process and
the improvement from SExtractor errors is demonstrated in
Figure 3. Examples of the resulting light curves with these
uncertainties are shown in Figures 4 and 5.

Before the selection was completed the catalogue was
masked to exclude regions that are too close to bright stars
or effected by image artefacts, and any objects that had
negative flux values in any semester were removed from the
catalogue. We acknowledge that some of the most extreme
variables may be removed in this step, but for our purposes
we require a visible source in every epoch in order to ensure
that our photometric redshifts are as reliable as possible
(see Section 3). These extreme events will be studied in fu-
ture work. We also required that each object had optimal
coverage in all 12 photometric bands. Known galactic stars
were also excluded from the analysis as they are the only
other objects expected to vary on these timescales. These
stars were identified using a combination of SED fitting and
image profiling that robustly separates stars and galaxies
based on both colours and morphology (for more details see
Simpson et al. 2013, and Almaini et al., in prep); a total of
5592 were excluded. Supernova are unlikely to be a signifi-
cant source of contamination on yearly timescales as all but
the most extreme cases will average out within the semester
stack. The original catalogue contains 296,036 sources; this
is reduced to 152,682 sources by these criteria.

The variable source selection method involves con-
structing a light curve for each object from the 7 semester
stacks, and running a y? analysis. For this work we define

P2
=Y 1)

T g
i 1

where F; is the flux of an object in an epoch, F is the av-
erage flux of that object across all epochs, and o; is the
uncertainty on F;. The y?2 statistic provides a simple test of
the null hypothesis that a source is non-variable. The com-
plete selection is demonstrated in Figure 6, which shows the
distribution of y?2 values as a function of flux. A threshold
of ¥% > 30 was used to define which sources are considered
variable; this value was chosen as it minimises the expected
number of false positives while maximising the number of
variables found. From a yx? distribution with 6 degrees of
freedom within each flux bin, we expect less than one false
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Figure 2. The difference between the radial profiles of the PSFs
in each semester relative to 10B, before (top) and after (bottom)
convolution. The PSFs were created using ~ 2000 stars in the
magnitude range 15 < Kyega < 19. The differences seen in the
top panel are drastically reduced by the convolution.

positive above this threshold. Over the whole data set, a to-
tal of 6 false positives would be expected. When applied to
the reduced catalogue described above, the method found
a total of 393 variable sources, representing a density of
~ 550/deg?.

Although this sample does not include any objects iden-
tified as stars in the UDS catalogue, we completed inde-
pendent colour and morphology tests to ensure there was
minimal stellar contamination. These checks involved quan-
tifying whether the light profiles of the objects appeared
‘stellar’, and using colour-colour plots (such as those used
in Sdnchez-Sdez et al. 2019; Lane et al. 2007) to examine
whether the variables had colours consistent with stars. All
of the 393 variables had galaxy morphologies and optical /IR
colours that are not consistent with the stellar locus.

3 COMPARISON TO OTHER AGN
POPULATIONS

3.1 X-ray AGN

If a high redshift source is bright in X-rays, there as a very
high likelihood that it is an AGN. As such, deep X-ray imag-
ing is a clean and relatively complete method of finding AGN
in deep sky surveys (Padovani et al. 2017). The main con-
taminants in X-ray imaging are stars, but in the UDS the
star/galaxy separation is generally reliable, and therefore
stars are easily identified and removed.

The X-ray AGN catalogue was constructed from the
deep Chandra imaging covering the central region of the
UDS field (Koztowski et al. 2016). Within this region, there
are 593 X-ray AGN with associated K-band detections in the
DRI11 catalogue; sources were matched between X-ray and
NIR data to within 1 arcsec. 74 (41%) of the 181 variable
sources within the Chandra field are in the X-ray AGN sam-
ple, which is convincing evidence that the variability method
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Figure 3. The distribution of flux values within a single quad-
rant, epoch and flux bin. The red solid line indicates the Gaussian
fit to the data when the self-calibrated o g value is used. The blue
dashed line shows the Gaussian fit using the median o r value
outputted from SExtractor in that bin.
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Figure 4. An example of a non-variable light curve with y2 =
4.26.

does detect AGN. This proportion remains relatively con-
stant if the analysis is extended to include the shallower
XMM imaging of the whole field (167, 42%, of 393 variables),
indicating the non-detections are not biased by the flux lim-
its of the surveys (see Section 4.1). The relative numbers in
each sample are outlined in Table 1.

Figure 7 shows the distribution of stellar masses with
redshift for all galaxies in the UDS. When the X-ray and
variable AGN populations within the Chandra region are
highlighted, it is clear that the variability analysis finds AGN
across the parameter space, whereas the deep Chandra imag-
ing only probes the high mass end. A KS test of the stellar
mass distributions confirms that the variable and X-ray pop-
ulations have significantly different distributions in stellar
mass, with a p-value of 7.8 x 10713,

In addition, examining the X-ray to optical luminosity
ratios of both the variable and X-ray AGN populations (Fig-
ure 8) shows that the variability method selects AGN that
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21.1 Chandra Region Full Field
¢ (Chandra) (XMM and Chandgz)
21.21 ¢ ¢ dzp
= X-ray Selected AGN (A) 593 1247
< 21.3 Variability Selected AGN (B) 181 393
K ¢ % of A that are also B 12% 13%
2 21.4 % of B that are also A 41% 42%
)
22151 ¢
- + Table 1. Summary of the X-ray and NIR-Variable AGN samples.
S 21.6 Numbers in each set are shown for the central region imaged with
;?4 Chandra and the full field imaged with both XMM and Chandra.
21.7 A
21.81 + forming galaxies at high and low redshifts (for more details,
05B 06B O07B 08B 098 10B 11B 12B see Donley et al. 2008), it is nonetheless useful to examine

Semester

Figure 5. An example of a variable light curve with y2 = 710.03.

Mean K-band Magnitude (AB)
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any overlap between the techniques. In total, there are 6417
sources in the UDS that meet the Stern AGN criteria: 188
of theses are also variable AGN.

When comparing the Stern and variability selected sam-
ples, it should be noted that a source must have detections
in all four IRAC bands to be selected by the Stern method.
Only 249 of the variable AGN meet that criterion, and of

o] ¥ DR11 Star these 76% are also Stern AGN.
5 :i:,;(ﬁetecte g g:ffw Figure 11 shows the same plot as Figure 7 with the Stern
— chi=30 t * and variable AGN that have full IRAC detections high-

102 103 104 10° 10° 0.1 0.2
Mean Flux Norm. Counts

Figure 6. y? against mean K band flux for all the objects in
the UDS field that are observed in all 7 semesters, the green line
indicates the selection threshold.

have lower luminosities (also shown in Figure 9), and there is
evidence that these variable AGN are systematically X-ray
quiet as they have higher apx values.

This evidence suggests that the AGN selection method
presented here finds AGN that are systematically more X-
ray quiet than the Chandra AGN, and therefore probes a low
mass population that the deep Chandra data cannot detect.
This results in a set of AGN that would be missed by the
most common AGN selection technique in deep surveys.

3.2 IRAC AGN

The "Stern Wedge” (Stern et al. 2005) is another frequently
used method of identifying AGN, in this case through their
TRAC colours. It uses the four IRAC bands to define a wedge
within which sources are deemed AGN; the selection bound-
aries are shown by the green dashed lines in Figure 10. While
there is significant contamination in this sample from star-

lighted. While the difference between those that are in both
samples and those that are only seen in the variable sam-
ple is not as strong here, this is only because the low mass
variable AGN that were seen in Figure 7 are not found in
the IRAC catalogue. Therefore, the variability study probes
a low mass region that is also missed by the Stern selection
method.

3.3 Catalogue Comparison

The above comparisons have shown that the variability anal-
ysis seems to find AGN across a wider range in stellar mass
than either X-ray or IRAC selection methods. There are a
total of 185 variables in the full sample that are not detected
by either of the other selection methods, and these typically
have lower stellar masses and luminosities.

While the Stern method selects the most AGN, it is also
the most contaminated sample. This contamination makes
comparisons between the variable and Stern AGN samples
redundant. Therefore, when comparing the physical proper-
ties of the different AGN samples in Section 4, we focus on
the comparison with X-ray selected AGN.

4 CHARACTERISING AGN

4.1 X-ray Detected and Non-X-ray Detected
Variable Sources

As mentioned in Section 3.1, the variable non-X-ray detected
sources appear to be a different class of AGN from the vari-
able X-ray detected sources. When plotted on a rest-frame
UVJ colour-colour diagram (Figure 12), which is commonly
used to differentiate quiescent and star-forming galaxies, the
variable X-ray detected sources are generally bluer than or-
dinary galaxies in U-V, consistent with some AGN contri-
bution in UV light, while the variable non-X-ray detected
sources do not show this excess UV light in general, which
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Figure 7. Stellar mass distribution with redshift showing where the X-ray and variable AGN populations sit within the parameter space,
restricted to only the sources within the Chandra region. Variability selected AGN are found to occupy a wider range in stellar mass.
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cates where ¢px = 1, and the dashed line shows apx = 2, where
aox is the point-to-point spectral slope between 2 keV and 2500
A in the restframe. The X-ray luminosities for the non-X-ray de-
tected variable sources are upper limits, as indicated by the blue
arrows.
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Figure 9. Normalised histogram of K-band absolute magnitudes
showing that the 3 populations of AGN sample different luminos-
ity ranges.

might be due to a more obscured central AGN or a low-
luminosity AGN (LLAGN).

Looking into the TRAC colours of the populations be-
yond simply using them for selection can also provide insight
into these sources. The variable non-X-ray detected sources
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Figure 11. Stellar mass distribution with redshift showing where
the Stern and variable AGN populations sit within the parameter
space. Only those variables with detections in all 4 IRAC bands
are shown here.

are once again seen scattered through the galaxy locus in
both Figures 10 and 13, while the variable X-ray detected
sources are slightly offset. This adds further weight to the
idea that these populations are dominated by different types
of AGN.

While we have spectroscopic redshifts for a a significant
fraction of the variable sources (71 in total within the Chan-
dra region, 56 X-ray detected and 15 non-X-ray detected),
we only have access to 20 spectra for the variable sources;
12 of these are for the X-ray detected sources and 8 for the
non-X-ray detected sources. The sources for these redshifts
and spectra were discussed in Section 2.1.

From examining the limited spectra available, we find
that the spectra of variable non-X-ray detected sources show
features consistent with a different AGN population to those
of the variable X-ray detected sources. The variable X-ray
detected sources are generally found to have broad line AGN
spectra (e.g. Figure 14), while the spectra of variable non-X-
ray sources are typically dominated by the light of the host
galaxy (e.g. top of Figure 15). Among the variable non-X-ray
AGN we also identify a rare Broad Absorption Line (BAL)
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Figure 12. A rest-frame UVJ colour-colour diagram, used to dif-
ferentiate quiescent and star-forming galaxies. Quiescent galaxies
are found in the top left of the diagram, as defined by the dashed
line, while star-forming galaxies and quasars are found in the
remaining regions. The plot demonstrates that the majority of
the variable AGN have rest-frame optical colours consistent with
star-forming galaxy hosts.

quasar (Weymann et al. 1981), showing the characteristic
blue-shifted absorption in the CIV line (bottom of Figure
15), which suggests that NIR variability could be effective at
finding rare and interesting types of AGN. The light curves
for those objects whose spectra are shown in Figures 14 and
15 are shown in Figures 16 and 17 respectively.

The hypothesis that the variable non-X-ray detected
sources are typically LLAGN is given further weight by Fig-
ures 8 and 9. These figures highlight that the variables not
detected in X-rays have lower luminosities on average in the
X-ray, optical and NIR regimes than the variables that are
detected in X-rays. In addition, Figure 8 shows that the
variable non-X-ray sources tend to have higher apx val-
ues, which suggests that they are systematically more X-
ray quiet than the variable X-ray detected AGN population.
This leads to the conclusion that long-term NIR variability
studies can highlight populations of LLAGN that are missed
by other selection techniques.

4.2 NIR-variable and non-variable sources
detected in X-rays

While about half of the variable sources are detected in X-
rays, there are a large number of X-ray sources in the UDS
that do not have significant variability in the NIR. Figure
6 shows that the majority of the X-ray sources (~ 86%) sit
within the main distribution of non-varying sources. This
raises the question: what makes the X-ray sources that do
have variable light curves different?

From looking at the same colour plots as mentioned in
Section 4.1 (Figures 10, 12, 13), we can see that the NIR-
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Figure 13. 3.6 - 4.5 micron colour as a function of redshift. AGN
usually sit above the galaxy locus in this space.

non-variable X-ray sources (black squares) sit separately
from the NIR-variable X-ray sources (red circles). Notably,
the X-ray NIR-variables in Figure 10 are mostly within the
Stern wedge, but the NIR-non-variable X-ray sources are
spread throughout the galaxy locus. The X-ray sources that
are found in the variable sample, tend to be high luminosity
sources (Figures 8 and 9) whose IRAC and optical colours
appear to be dominated by the AGN, while the non-variable
sources seem to be dominated by light from the host galaxy.
While it may seem contradictory that the lower luminos-
ity X-ray AGN are less likely to be found in this variability
study, given previous works have found that lower luminosity
AGN have higher variability amplitudes (e.g. MacLeod et al.
2010; Kozlowski et al. 2016; Vagnetti et al. 2016), it is likely
that signal-to-noise provides an explanation for these trends.
The lower luminosity AGN will be fainter and are more likely
to be dominated by the host galaxy in the K-band, and
therefore the variability from the nucleus will be harder to
detect despite the larger amplitudes.

5 A NEW POPULATION OF AGN?

The new population of LLAGN identified by this variability
analysis are relatively faint, therefore there may be concerns
that these variations are simply noise, or that the variability
indicates a different class of object (e.g. supernovae). In this
section we address these potential concerns.

5.1 Noise?

While the light curves of low flux objects in the survey are
noisier, the self-calibrated uncertainties applied to the data
in the analysis (Section 2.2) mean that any increase in noise
at low fluxes is accounted for in the uncertainty. In addi-
tion, the threshold for the variability selection was chosen

such that only 6 false positives are expected across the whole
sample, therefore the entire contamination from false posi-
tives is less than 2%.

5.2 Supernovae?

One other source of variability is supernovae. As the
timescale for supernova events is less than one year, we can
identify them by finding sources that only vary in a single
epoch. To find these, a secondary analysis was run where
we removed the most deviant point of the light curve (i.e.
the furthest from the mean) and then recalculated X2 We
identified those sources that had a < 99.9% chance of be-
ing truly variable (i.e. y% < 15.09) after the removal, and
checked these by eye to see if there was truly one flux value
that was very different to the rest of the light curve. Fifty
sources that had one significantly different epoch were iden-
tified, including one definite SN event at z ~ 2 (Figure 18).
Removing these objects does not significantly change the
mass and luminosity distributions and therefore we conclude
that these light curves with anomalous epochs are not driv-
ing the trend for variability selected AGN to be found at
lower masses and luminosities.

5.3 Low-Luminosity AGN?

As we have ruled out the population being down to noise
or supernova contamination, the most plausible explanation
is that they are LLAGN. This explanation is reinforced by
looking at the luminosities of the sources in X-rays, optical
and the NIR (Figures 8 and 9). These figures clearly show
that the variable non-X-ray detected sources have system-
atically lower luminosities in all three regimes.

In addition, LLAGN are expected to have higher
amplitudes of variability than high luminosity AGN.
Studies in the X-ray regime (e.g. Lawrence & Papadakis
1993; Almaini et al. 2000; Vagnetti et al. 2016) and in
the UV /optical (e.g. MacLeod et al. 2010; Kozlowski et al.
2016) show that the amplitude of variability is anti-
correlated with the luminosity of the AGN. LLAGN
have also been found using long-term variability selec-
tion methods in the optical and X-ray regimes (e.g.
Sadnchez-Sdez et al. 2019; Young et al. 2012), therefore it
is perhaps not surprising that highly variable LLAGN are
found among the low-mass host galaxies in this survey.

6 SUMMARY

This paper has presented a new method of AGN selection
using only the NIR light curves of objects in the UDS. This
method involves applying a x? analysis to the light curves
of non-stellar objects with detections in all 7 epochs. A se-
lection threshold of y2 = 30 was chosen in order to minimise
false detections while maximising the number of variables
identified. This gave a sample of 393 variable AGN across
the UDS field.

A comparison to other selection methods showed that
only a subset of the variability selected AGN are found in
the X-ray (41%) and Stern (48%) selected AGN samples.
Within the region of the field imaged with Chandra, those
X-ray AGN that are variable tend to be in high mass, high
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Figure 14. Spectra of two X-ray detected variable AGN. Both spectra are VIMOS spectra from UDSz.
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Figure 15. Spectra of two variable AGN that are not detected in X-rays. The top figure shows a VLT VIMOS spectrum from VANDELS
of a normal z ~ 3 star-forming galaxy, while the bottom figure shows a VIMOS spectrum from UDSz that reveals a candidate BAL

quasar.

luminosity hosts whose optical and IR light is dominated
by the AGN. In contrast, the variable AGN that are not
detected in Chandra have lower masses and luminosities,
and are dominated by the host galaxy.

We have accounted for any potential contamination of
the sample of variable AGN due to noise or supernova events.
In preparing the data, we removed any variations due to
PSF changes between epochs by convolving the images to
match the PSF of the worst image, and incorporated any
contribution from noise within the self-calibrated photomet-
ric uncertainties. Light curves containing the pattern of vari-
ability expected in supernovae were identified through the

secondary y2 analysis, where the most deviant point was
removed from each light curve. When these potential su-
pernovae were removed from the sample, the mass and lu-
minosity distributions of the variable, non-X-ray detected
AGN remained lower than those of the X-ray AGN.

Our work builds on studies that select AGN through
their optical variability (e.g. Sdnchez-Sdez et al. 2019;
Pouliasis et al. 2019; De Cicco et al. 2019), but offers the
unique ability to study rest frame optical variability at high
redshifts (z > 2), and potentially dust-obscured AGN that
may be missed by optical selection. Further follow up of the

020z Aseniga4 | uo Jasn weyBumon 10 AlsieAiun Aq v/ L £€/S/L 8EBBIS/SRIUW/EE0 L 0 | /I0P/10BISB-3]dILIB-00UBAPER/SEIUW/WO02 dNo olwapee//:sdijy Woll papeojuMo(]



10  E. Elmer et al.

21.21 + ¢
21.31
21.41

2151 ¢ !

21.61

K-band magnitude (AB)

21.7 A
21.81 +
05B 06B 07B 08B 09B 10B 11B 12B
Semester

20.101

20.124 *

20.161

N
o
=
'S

A
——

20.181 +
20.20

20.22 1

K-band magnitude (AB)

20.241 *
058 06B 07B 08B 098 10B 11B 12B
Semester

20.261

Figure 16. The K-band light curves for the variable X-ray de-
tected AGN whose spectra are shown in 14

AGN identified in this study will allow a more detailed com-
parison.

In summary, we find that selecting AGN through just
their NIR variability finds a population of low-mass, low-
luminosity, X-ray quiet AGN that would be missed by con-
ventional selection techniques, even deep Chandra imaging,
as the variability selection probes a wider range of masses
and luminosities. Studying this population further will allow
us to develop our understanding of the structure of AGN
across this wide range of luminosities. We have also found
that NIR variability can help us discover peculiar AGN, such
as the BAL quasar shown in Figure 15.

Future work on this sample should include examining
the light curves on shorter timescales, and looking at correla-
tions between the K-band variability and the J and H-band
light curves that are also available for all objects in the UDS.
These studies would allow us to quantify the structure of the
variations, helping us understand the underlying processes
behind AGN variability.
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Figure 17. The K-band light curves for the variable non-X-ray
detected AGN whose spectra are shown in 15
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Figure 18. Light curve for a potential supernova within the vari-
able sample. The inlaid images show the source before, during and
after the flare, which can be seen as a separate object to the left
of the galaxy.
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