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Infrared lags in the light curves of AGNs measured using a deep survey
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ABSTRACT

Information on the structure around active galactic nuclei (AGNs) has long been derived from measuring lags in their varying
light output at different wavelengths. In principle, infrared data would reach to larger radii, potentially even probing reprocessed
radiation in any surrounding dusty torus. In practice, this has proved challenging because high quality data are required to
detect such variability, and the observations must stretch over a long period to probe the likely month-scale lags in variability.
In addition, large numbers of sources would need to be observed to start searching for any patterns in such lags. Here, we show
that the UKIDSS Ultra Deep Survey, built up from repeated observations over almost a decade, provides an ideal data set for
such a study. For 94 sources identified as strongly varying AGNs within its square-degree field, we find that the K-band light
curves systematically lag the J-band light curves by an average of around a month. The lags become smaller at higher redshift,
consistent with the band shift to optical rest-frame emission. The less luminous AGNs also display shorter lags, as would be

expected if their physical size scales with luminosity.
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1 INTRODUCTION

The central regions of most active galactic nuclei (AGNs) are almost
impossible to resolve with current observational techniques, so less
direct measures have been used to infer information about their
structure. In particular, if the emission from the AGNs is varying
significantly, then delays or ‘lags’ in the variability between different
wavebands can be interpreted as arising from the reprocessing of
energy emitted near the centre of the AGN with, in the simplest
picture, the lag representing the extra light traveltime for the
reprocessed emission (e.g. Sergeev et al. 2005; Cackett, Horne &
Winkler 2007). If the environment becomes cooler at larger distances
from the AGN, one might expect the lags to become larger when
emission is reprocessed to longer wavelengths, as indeed has been
observed in quite a number of low-redshift AGNs. For example,
Arévalo et al. (2008, 2009) investigate lags between the X-ray and
optical light curves, while Sergeev et al. (2005) and Edelson et al.
(2015) examine optical lags relative to the ultraviolet, uncovering
clear evidence for time delays on time-scales ranging from hours to
days.

It would be very interesting to push such analyses to longer
wavelengths, as one might expect any reprocessing in the near-
infrared (NIR) to be occurring in the putative outer dusty torus
that perhaps joins on to the inner accretion disc (Koshida et al.
2009). Indeed, work that has been done at these wavelengths suggests
longer lags between optical and NIR, though the difficulty of such
observations and the heterogeneity of the small number of sources
observed has yielded lags ranging from a few days (e.g. Shappee
etal. 2014; Lira et al. 2015) to months (e.g. Koshida et al. 2009; Lira
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et al. 2011; Oknyansky et al. 2014). Ideally, one would want a much
larger sample of AGN observed homogeneously and at high quality
over years in both the infrared and the optical, in order to study this
phenomenon systematically across the population.

Fortunately, such a data set exists. The United Kingdom Infrared
Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS) Ultra Deep
Survey (UDS), the deepest NIR survey over 1deg? of sky (see
Lawrence et al. 2007, and Almaini et al. in preparation), was built
up from repeated observations spread over almost a decade, and the
relatively bright AGNs can have their photometry measured from
individual observations, allowing their variability to be monitored
over this whole period. The survey obtained data in both J and K
infrared bands, and over a wide range in redshift (0.2 < z < 1.2)
these bands correspond to rest-frame optical (A < 1 um) and NIR
emission, respectively, so comparing the two bands would allow any
lag between these wavebands to be measured.

To this end, we have extracted photometry for a sample of variable
AGN from the J- and K-band UDS DR11 observations. In Section 2,
we describe the sample selection and the cross-correlation method
used to determine lags. In Section 3, we present the detection of a
systematic lag in these data, and how it depends on AGN redshift and
luminosity. The implications of these measurements are discussed in
Section 4.

2 DATA AND ANALYSIS

The AGNs used in this study were selected based on their variability,
using the method described in Elmer et al. (2020), where a source
is considered variable based on a x? comparison to a non-varying
light curve. In the current work we extend the method to both the J-
and K-band data, co-adding images into deep stacks corresponding
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Figure 1. Illustrative J- and K-band light curves for an object with high
x? variability. The K-band light curve is normalized by the mean flux. The
J-band data have been offset by 0.4 in normalized flux for clarity.

to 8 yr of observations. This analysis yielded an initial total of 595
variable sources, 177 of which were identified as variable in both
bands. However, this binning is too crude to search for variability on
shorter time-scales, so we also produced photometry for the AGNs
based on month-long snapshots. The lower signal-to-noise level of
these shorter observations meant that the fainter sources were too
noisy for the subsequent analysis, so we imposed a more stringent
variability cut on the Elmer et al. (2020) analysis of x> > 100, leaving
a total of 94 variable sources. We have spectroscopic redshifts for 72
of these sources, and used photometric redshifts for the remaining
22 AGNs (see Elmer et al. 2020). We note, however, that excluding
the objects with photometric redshifts has no significant impact on
the results presented below.

The UDS data were taken between 2005 September and 2012
November using the Wide Field Camera (WFCAM; Casali et al.
2007) on UKIRT, with a total exposure time of 810 s per observation.
As observations were not evenly distributed over the survey period,
the number of observations compiled into the month stacks ranges
from 4 to 214 with an average of 36 for the J-band and 50 for the
K-band stacks. The resulting variety of image depths is accounted
for in the estimation of photometric uncertainties (see Elmer et al.
2020). Using these calibrated uncertainties, we find that the signal-
to-noise ratio (S/N) of an object with an AB K-band magnitude of
~22 (the faintest magnitude in the sample) in the month snapshots
ranges from 2.7 to 15.8, with a mean S/N of 10.1 in the K-band and
7.2 in the J-band.

The resulting J- and K-band light curves for one of the brighter
sources are shown in Fig. 1. There is clearly a strong signature of
correlated variability in both bands, and even a tantalizing hint of
a lag between the two, but when we sought to quantify it using
the discrete correlation function (DCF) as described by Edelson &
Krolik (1988), there proved to be insufficient signal in the individual
light curves to robustly quantify their lags. Fortunately, the linear
nature of cross-correlations means that we can add together the DCFs
from individual light curves, after subtracting their mean values and
normalizing them, to calculate their ensemble properties. The only
other adjustment that has to be made is to adjust the individual
objects for cosmic time dilation, so each light curve is measured in
its temporal rest frame; this adjustment had the collateral benefit of
smoothing the temporal sampling in the stacked data, eliminating any
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Table 1. The number of variable AGNs used to create the discrete
correlation functions shown in Figs 2—4. The total number in the
redshift subsets does not add up to 94 as seven objects were removed
due to large uncertainties in their photo-z estimations.

Subset Number of variable AGNs
%2 > 100 94
z>1.2 46
z<12 41
—21.1 > Mg > —-24.0 22
—24.0 > Mg > —26.4 19
0.81
0.6
0.41
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Figure 2. The stacked discrete cross-correlation function between J- and
K-band data for the 94 AGNSs selected from the UKIDSS UDS. Two
measurements of the characteristic lag are shown (in months). The parabola
shows the fit used to calculate Tpeax (shown as an orange dashed line). The
blue dash—dotted line shows the centroid shift, T¢ept.

possibility of residual systematics from the observational sampling.
The errors on the DCF are estimated by bootstrapped resampling of
the light curves 1000 times.

If there is a lag between the two light curves, then the peak in
the DCF will be offset from zero. To quantify this effect, following
Edelson & Krolik (1988), we adopt two measures of the location of
the cross-correlation peak. First, we fit a parabola around the highest
single value in the DCF to determine the true location of the peak,
T peak» With an error estimated from the bootstrap analysis as the width
of this peak corresponds to the characteristic time-scale of variability
rather than the error. After experimenting with this fitting, we found
that the most robust range to fit this parabola over was -7 to + 7
months. Secondly, we calculate the centroid of all points where DCF
> 0.5 x DCFux, Teent, With an error estimated from the standard
error on this mean value. These quantities are complementary in that
if there is any structure in the correlation between the bands, 7 peqx is
a measure of the modal lag between the two light curves, while the
Teent Measures the mean lag.

3 RESULTS

We start with an analysis of the full set of 94 light curves, before
going on to subdivide the sources by various criteria (see Table 1).
The resulting stacked DCF is presented in Fig. 2. It is apparent that
the peak is offset in the positive sense from zero, implying that the K-
band light lags behind that in the J-band, as predicted. Quantitatively,
we find Tpex = 0.7 &= 0.2 months and 7 = 0.9 & 0.3 months, so
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Figure 3. The stacked discrete cross-correlation function, as in Fig. 2, but
with the AGNs divided into two groups based on whether above or below a
redshift of z = 1.2. Two measurements of the characteristic lag are shown (in
months).
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Figure 4. The stacked discrete cross-correlation function, as in Fig. 2, but
with the low-redshift AGNs divided into two groups based on whether their
K-band absolute magnitude is fainter or brighter than My = —24. Two
measurements of the characteristic lag are shown (in months).

both metrics are statistically significant at the 3o level. These results
illustrate the well-known strength of cross-correlation analysis in
detecting signal at, or even below, the binning level, though we
note that cosmological time dilation means that the light curves are
actually sampled on significantly shorter time-scales.

One effect that we might expect to dilute the signal in Fig. 2
originates in the wide range of redshifts in the data stacked together.
For the lower redshift sources, while the J-band data typically
represents optical emission, the K-band comes from the rest-frame
infrared, providing the signal we are looking for. However, at higher
redshifts, both infrared bands were emitted in the rest-frame optical,
for which, as discussed in Section 1, lags are shorter. To test for
this effect, Fig. 3 shows the stacked DCFs divided into two, with
the division at z = 1.2 representing the approximate point at which
the observed K-band corresponds to rest-frame optical light (<1
pm). Indeed, as predicted, the lags are significantly longer in the
low-redshift regime where we are comparing rest-frame optical and
infrared emission. It is also notable that the low-redshift DCF peak
shows a distinct asymmetry with a longer-lag shoulder, which is
further emphasized by the difference between 7pcax and 7 ceq. There
is clearly information here regarding the structure of the emitting
region, although a detailed analysis of this transfer function would
require more data.

One further test that we can apply to this analysis comes from
noting that one would generically expect that more luminous sources
are physically larger, so the lags might be expected to also be larger
for the intrinsically brighter sources. Fig. 4 shows the DCFs obtained
when the lower-redshift sources are separated at a K-band absolute
magnitude of My = —24; this divide was chosen as it roughly divides
the AGNs into equal bins. As is apparent from this figure, the more
luminous sources do, indeed, show significantly longer lags, with
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the asymmetric shoulder discussed above particularly clear in these
objects.

Interestingly, however, if we repeat this analysis using just the
higher-redshift sources (where we are comparing emission just in the
rest-frame optical), we find a lag of ~1 month at high luminosities,
which is not what we would expect from previous studies of AGNs
in the rest-frame optical light, which find lags of ~1 d (e.g. Sergeev
etal. 2005; Edelson et al. 2015). Therefore, the structure is potentially
more complicated than the simple picture we have considered here.

4 DISCUSSION

There is a wealth of information on the structure of AGN to be found
in their light curves, and the lags in variability between wave bands.
The NIR offers a potentially important perspective, as it may probe
out to the dusty toroidal region that surrounds an inner accretion disc,
but observationally it has proved challenging to study for long enough
periods and for a sufficient number sources to learn much about the
overall population of AGN. Here we have shown that the UKIDSS
UDS ofters a different window on this probe: the period over which
it was obtained spans the time-scales of interest very nicely, while
its depth means that, even within its relatively small field, we can
detect orders of magnitude more variable AGN than previous studies
of individual targets. We have also shown that even where there is
not sufficient signal to learn much from individual sources, stacking
such consistent data together provides a strong ensemble signal.
This analysis confirms that there is, indeed, a significantly longer lag
between optical and infrared light than between optical bands, and
that the length of the lag increases with the luminosity of the source
as we might physically expect.

We also see clear indications of structure in the stacked DCFs,
indicating that there is still more evidence to be found in data
obtained in this way; the fact that this structure does not average
away when derived from such stacked data implies that it is a generic
feature of these objects rather than a peculiarity of any particular
source. Detailed modelling of this signal, and its implications for
AGN structure, is beyond the scope of this work. However, we
have demonstrated that there is an interesting signal here that is
worth modelling and investigating further. Significant progress in
this area requires larger areas or deeper data than the UDS supplies,
to beat down the remaining noise in this generic signal, and to allow
more nuanced subdivision of the data. Upcoming infrared surveys
(e.g. the Euclid deep fields and the VISTA Extragalactic Infrared
Legacy Survey, VEILS; Laureijs et al. 2011; Honig et al. 2017)
will potentially allow us to do exactly this analysis, but only if it is
considered in the survey design, for example in how the target region
is imaged over time.
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DATA AVAILABILITY

The raw infrared imaging data used in this paper can be obtained
from the WFCAM Science Archive (http://wsa.roe.ac.uk). Further
processed data and catalogues will be made available from the
UDS web page (https://www.nottingham.ac.uk/astronomy/UDS/).
The final DR11 catalogue and photometric redshifts will be presented
in Almaini et al. (in preparation) and are available from the authors
on request.
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