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Abstract

Including millimeter-wave data in multiwavelength studies of the variability of active galactic nuclei (AGN) can
provide insights into AGN physics that are not easily accessible at other wavelengths. We demonstrate in this work
the potential of cosmic microwave background (CMB) telescopes to provide long-term, high-cadence millimeter-
wave AGN monitoring over large fractions of sky. We report on a pilot study using data from the SPTpol
instrument on the South Pole Telescope (SPT), which was designed to observe the CMB at arcminute and larger
angular scales. Between 2013 and 2016, SPTpol was used primarily to observe a single 500 deg? field, covering the
entire field several times per day with detectors sensitive to radiation in bands centered at 95 and 150 GHz. We use
SPT 150 GHz observations to create AGN light curves, and we compare these millimeter-wave light curves to
those at other wavelengths, in particular y-ray and optical. In this Letter, we focus on a single source, PKS 2326-
502, which has extensive, day-timescale monitoring data in gamma-ray, optical, and now millimeter-wave between
2013 and 2016. We find PKS 2326-502 to be in a flaring state in the first 2 yr of this monitoring, and we present a
search for evidence of correlated variability between millimeter-wave, optical R-band, and ~-ray observations. This
pilot study is paving the way for AGN monitoring with current and upcoming CMB experiments such as SPT-3G,
Simons Observatory, and CMB-S4, including multiwavelength studies with facilities such as Vera C. Rubin
Observatories Large Synoptic Survey Telescope.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Blazars (164); Millimeter astronomy (1061);
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Gamma-ray astronomy (628)

1. Introduction

Active galactic nuclei (AGN) are accreting supermassive
(M >10° M) black holes commonly found at the centers of
massive galaxies (e.g., Kormendy & Richstone 1995; Gebhardt
et al. 2000). The Unified Model of AGN proposes to explain
observed categories of AGN via a scenario in which the
appearance of a source depends on the angle between the axis
of symmetry of the source and the line of sight of the observer
(e.g., Antonucci 1993; Urry & Padovani 1995). For example, in
this scenario, blazars—radio-loud AGN>? that also emit
strongly in the ~-ray band are understood to have a relativistic
jet pointed at relatively small angles (<5°) to the observer. The
spectral energy distribution (SED) of blazars has a character-
istic double-humped structure, with one peak located anywhere
from the high-frequency radio to the soft X-ray band, caused by
synchrotron emission from energetic electrons in the blazar jet,
and a high-energy peak in the MeV-TeV ~-ray band (e.g.,
Fossati et al. 1998).

The source of the high-energy peak is still under debate, with
models for the production of «-ray photons classified into two
broad classes: hadronic and leptonic models (e.g., Blandford
et al. 2019). In hadronic models, processes such as photopion
production are responsible for the «-ray peak, while in leptonic
models, the ~-ray peak is caused by inverse-Compton
scattering of lower-energy photons, which can be the same
synchrotron photons responsible for the low-energy peak (the
“synchrotron self-Compton” model) or other components of the
radiation field (the “external inverse-Compton” model, e.g.,
Sikora et al. 1994).

A key to distinguishing between these models is what they
predict for multiwavelength observations of blazar flares.

52 Radio-loud AGN are generally defined as AGN with a ratio of radio (5
GHz) to optical (B-band) flux >10 (Kellermann et al. 1989).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Leptonic models have been successful in explaining several
observed aspects of blazars (Sikora et al. 1994; Sikora &
Madejski 2003). The simplest interpretation of leptonic models
predict that when observing AGN light curves in multiple
wavelengths, there should be correlated variability between the
synchrotron peak and the high-energy peak. This behavior has
been observed in many cases (e.g., Bonning et al. 2009), but
evidence exists that it may not always be present. For example,
in the multiwavelength study of PKS 0208-502, an “orphan
flare” was observed, in which a significant flux increase is seen
in the optical/infrared bands but not in the ~-ray band
(Chatterjee et al. 2013a, 2013b).

Multiwavelength studies of blazar flares have traditionally
included ~-ray, X-ray, optical, infrared, and radio emission.
Since millimeter-wavelength radiation is a strong tracer of
synchrotron emission, observations of AGN at these wave-
lengths should help identify the true origin of the blazar SED.
Recent studies have shown that on longer timescales,
millimeter-wave variability is better correlated with ~-ray
emission than optical (Meyer et al. 2019; Zhang et al. 2022),
while on shorter timescales features tend to correlate more
between the optical and ~v-ray. This points toward the
possibility of synchrotron emission produced in different
regions of the blazar being responsible for the millimeter—y-
ray correlation and the optical-y-ray correlation.

It has recently been recognized that cosmic microwave
background (CMB) experiments have the potential to be used
as AGN monitors (e.g., Holder et al. 2019). AGN appear as
bright point sources in maps made with CMB experiments, and
current CMB experiments are sufficiently sensitive to detect
many AGN at a high signal-to-noise ratio (S/N) in short
observations. When combined with an observing strategy that
results in high-cadence observations of the same patch of sky
over many years, CMB data sets are effective for AGN
monitoring.

We have undertaken a pilot study of AGN variability using
millimeter-wave data from SPTpol, the second-generation
camera on the South Pole Telescope (SPT). The SPTpol
survey enables the monitoring of tens of millimeter-bright
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AGN on timescales from days to years at high S/N (>10 in a
36 hr coadd). These observations provide the opportunity to
include high-cadence millimeter-wave data in the study of the
physical mechanisms behind AGN emission.

Although our SPTpol AGN monitoring campaign includes
tens of sources, we choose to focus on the blazar PKS 2326-
502 for this pilot study because of its long history of
observations in multiple wavelengths (e.g., Dutka et al.
2017). PKS 2326-502 is among the targets of monitoring by
both the Fermi Large Area Telescope (LAT) and Yale Small
and Moderate Aperture Research Telescope System
(SMARTS) Blazar Group collaborations. In particular,
PKS 2326-502 has publicly available Fermi (4-ray) and
SMARTS (optical) observations over most of the time period
over which we have SPTpol data.

2. Observations

In our study of PKS 2326-502, we use data from SPT,
SMARTS, and Fermi-LAT. In this section, we describe the
observations and data reduction for each instrument.

2.1. SPT

The SPT (Carlstrom et al. 2011) is a 10 m telescope located
at the geographic South Pole and dedicated to making low-
noise, high-resolution maps of the millimeter-wave sky, with
the primary goal of mapping the temperature and polarization
anisotropies in the CMB. Three separate cameras have been
installed on the telescope, each used to map multiple large
patches of the Southern Celestial Hemisphere. This work uses
data from the second-generation camera, SPTpol. From 2013 to
2016 SPTpol was used during most of the year to survey
500 deg” of the southern extragalactic sky at arcminute
resolution to mJy noise levels in bands centered at 95 and
150 GHz. The 500 deg” SPTpol surveZ/ consists of ~3500
observations of a field covering 22" to 2" in R.A. and —65° to
—50° in decl. (Henning et al. 2018). For this study we take
150 GHz maps made from individual observations and
combine them into 36 hr bundles, which provides a reasonable
match with the cadence of other data sets while also providing
high S/N on a sufficient number of sources.

Once bundle maps are created, we apply a matched filter that
removes the long-wavelength modes from each map, max-
imizing the S/N on point sources. These filtered bundles have a
Lo error of ~9 mJy, providing us with S/N >10 on 25 AGN in
the 500 deg® field. We perform a series of calibration and
systematic checks for each bundle. We check and correct per-
bundle astrometry by comparing the positions of bright sources
to those in the AT20G catalog (Murphy et al. 2010). We correct
the calibration of each bundle by calculating the cross-spectrum
of that bundle map with the Planck 143 GHz map (Planck
Collaboration et al. 2020) and scaling the bundle map so that
the cross-spectrum agrees with that calculated for the average
of all bundles. We additionally check for contamination in each
bundle (such as from sidelobe pickup from the Sun in
observations during the Austral summer, which would appear
as bright streaks in our observations) by visually inspecting
5" x 5" patches of sky centered on PKS 2326-502. No such
contamination was detected. Once all maps have been
calibrated and checked, we extract the fluxes that are used to
create the millimeter-wave light curve of PKS 2326-502.

Hood 1II et al.

2.2. SMARTS

This paper makes use of optical/near-infrared light curves
that are available at the SMARTS website.”> The SMARTS
telescope is located in Cerro Tololo Chile, and is thus well
suited to monitoring of Southern Hemisphere targets. The
SMARTS blazar sample was initially (in 2008) defined to
include all Fermi-LAT-monitored blazars on the initial public
release list with decl. <20°. Observations were made in the B,
V, R, J, and K bands, with an observing cadence of 1-3 days.
Here, we use the 1 day cadence optical R-band observations to
match the SPT cadence as closely as possible. The full details
of the data selection and analysis procedure for SMARTS data
can be found in Bonning et al. (2012).

2.3. Fermi-LAT

The Fermi-LAT light curve for PKS 2326-502 is taken from
the Fermi-LAT Light Curve Repository (LCR; Abdollahi et al.
2023).>* The LCR is a public database of multicadence flux-
calibrated light curves for over 1500 variable sources in the 10
yr Fermi-LAT point source catalog (4FGL-DR2, Ballet et al.
2020). The light curves generated by the LCR span the duration
of the mission and are obtained by performing an unbinned
likelihood analysis over the energy range 100 MeV-100 GeV.
The LCR analysis uses the standard Fermi-LAT Science Tools
(version v11r5p3) and the P8R2_SOURCE_V6 instrument
response functions on P8R3_SOURCE class photons. Photons
are selected from a 12° region of interest centered on the
location of the 4FGL-DR2 counterpart of PKS 2326-502
(4FGL J2329.3-4955). A zenith angle cut of 90° is used to
prevent contamination from the Earth’s limb. Included in the
photon distribution model used to calculate the flux of the
target source are all 4FGL-DR2 point sources within 30° as
well as Galactic diffuse (gll_iem_v07.fits) and isotropic
(iso_P8R3_SOURCE_V3_vl) background models. The LCR
provides light curves in cadences of 3 days, 1 week, and 1
month. For this analysis we use the minimum available time
binning of 3 days.

3. Methods

In this Letter, we report both qualitative and quantitative
results from the analysis of multiwavelength light curves of
PKS 2326-502. Quantitatively, we measure the local cross-
correlation functions (CCFs)™> of year-long light curves and
calculate the significance by comparing these to uncorrelated
simulations. The simulations were created by taking the power
spectrum of the light curve from each data set, fitting
to a model in which the light-curve fluctuation power is a
function of temporal frequency P(f) = Po(1 + (f /finee) ™) >
and producing 10,000 simulations of light curves from each
model power spectrum. The simulated light curves are
generated in Fourier space with random phase (i.e., they obey
Gaussian statistics in real space). Some recent results have
indicated that, at least in the v-ray, blazar variability is better
described by a lognormal probability distribution than a
Gaussian (e.g., Duda & Bhatta 2021). We have created an
alternate set of simulations with lognormal statistics and do not

3 www.astro.yale.edu/smarts /glast/home.php

>* hitps: / /fermi.gsfc.nasa.gov /ssc/data/access/lat/LightCurveRepository

Here “local” refers to calculating the mean and variance of both light curves
over individual time lag bins rather than the entire light curve; see Welsh
(1999) for details.
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see any significant change in our results when we use this
alternate set.

We calculate the local CCF for each pair of light curves in
the real data and all 10,000 simulations using the following
procedure. For a given time lag bin 7, we select all data points
in light curves a and b that satisfy

m@_mmeri%;, )

where A7 is the bin width, and #(a) and #(b) are the times for
observations in each light curve. We define the local CCF as

Yisi(ai — a)(bi — b)

CCF(r) =
) (n — 1)s,8p

2

where s, is defined as

%lelim—m% 3)
i=1

n—

a is defined as

a==ya @

and i runs over all pairs of points that satisfy Equation (1). The
simulated CCFs were then used to find the 1o, 20, and 3¢
contours for the data CCFs.

As discussed in Welsh (1999), measuring the full correlation
function is challenging in data that is dominated by the longest
timescale feature in the data. We also wish to remove possible
dependencies on the binning timescale of any of our data sets.
For these reasons, we boxcar-smooth all of the light curves
with a 7 day window, and we only calculate the full CCF on
data that have been detrended using a polynomial filter. We use
a fifth-order polynomial per year, which preserves features up
to timescales of months. For data that have not been detrended,
we only calculate the zero-lag correlation and associated p-
value. This p-value is estimated by calculating the number of
simulations that have a higher zero-lag correlation than the
data:

N(CCEjm, 7= 0 > CCEjya, 7 = 0)

CCF, 7=0)=
p( ) Nsims

5)

For detrended data, we calculate this zero-lag correlation and p-
value, and we further plot the full CCF and look for evidence of
lags between the flaring in different bands.

4. Results

Multiwavelength (y-ray, optical, millimeter-wave) light
curves for 4 yr of monitoring of PKS 2326-502 are shown in
Figure 1. We note that the raw statistical significance of the
variability in all three bands is high: the typical S/N in a single
36 hr SPT light-curve point is ~50 in the quiescent state and
over 200 in the flaring state, and the corresponding S/N for the
3 day Fermi light-curve points are 1-2 and 7-10. For
SMARTS-R, where we only have data in the flaring state,
the typical S/N per 1 day point is ~50.

Hood 1II et al.

Several features of these light curves that make up the
primary results of this Letter are evident by eye in Figure 1,
including the following:

1. A long-timescale flaring state in the first 2 yr followed by
a 2 yr quiescent period.

2. Long-timescale correlation between millimeter-wave and
~-ray data, with the millimeter-wave light curve appear-
ing to decay more slowly than the ~-ray one.

3. Short-timescale correlation between ~-ray and opti-
cal data.

For our quantitative analyses, we focus on the observations
made in the first 2 yr of available SPTpol data (2013-2014),
because (1) PKS 2326-502 entered into a quiescent state
thereafter, and (2) there are no publicly available optical data
from SMARTS after 2014. For all possible pairs of data, two
sets of light curves (boxcar-smoothed and smoothed-and-
detrended) and CCFs for the smoothed and detrended data are
shown for year 1 and year 2 in Figures 2 and 3 respectively.

As a rough measure of the significance of the correlated
year timescale flare in the -ray and millimeter-wave bands,
we calculate the number of simulations that show a similar or
larger flux increase over 1 yr in those two bands. We find
that only 42 out of 10,000 simulations show a factor of 2.5
increase over 1 yr in both bands. We chose a factor of 2.5
because the ratio of the flux in the first and last month
of year 1 was 2.7 in SPT and 3.3 in Fermi. Therefore, we
report 4.2 x 103 as a raw, non-trials-corrected p-value for
this long-timescale correlated flaring state. We also calculate
the zero-lag correlation for the unfiltered boxcar-smoothed
year-1 data and we find a zero-lag correlation value
of 0.75 for SPT x Fermi. Only 287 simulations show a
zero-lag correlation between SPT x Fermi higher than this;
thus, we report in Table 1 a p-value of 0.03 for this
correlation.

Another fairly strong identifiable feature in the data is the
short ~week-timescale flare seen in both Fermi and SMARTS
but not in SPT. This leads to a significant detection of
zero-lag correlation even in the nondetrended data p(CCF,
7=0)=3x10"% Once we filter out the long-timescale
features we find a zero-lag correlation value much higher than
found in any of our simulations and thus report a p-value of
<10~* in Table 1. This confirms that this correlation is being
driven by the shorter-timescale feature in the Fermi and
SMARTS light curves shown in Figure 2. By contrast, when
we detrend SPT x Fermi data in year 1, we find no evidence of
correlation on shorter timescales.

In contrast to year 1, for year 2 we find a significant
correlation between the detrended SPT x Fermi light curves,
but none for the SMARTS x Fermi light curves, as shown in
Figure 3. We also find no significant correlation between any of
the data sets in year 2 prior to detrending. Finally we note that
we measure no significant correlation at nonzero lag for any
data combination in either year.

5. Discussion

Our study of the multiwavelength variability of PKS 2326-
502 yields four primary results:

1. Long-timescale correlation between millimeter-wave and
~-ray data, with the millimeter-wave light curve appear-
ing to decay more slowly than the ~-ray one.
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Figure 2. Year-1 boxcar-smoothed light curves (left column), smoothed and detrended light curves (middle column), and detrended CCFs (right column). The gray

shaded regions represent the 1o, 20, and 3¢ contours of simulated CCFs.

2. Short-timescale correlation between ~v-ray and optical
light curves in year 1.

3. Short-timescale correlation between v-ray and millimeter-
wave light curves in year 2.

4. No measurable correlation between millimeter-wave and
optical light curves.

These results have implications for the production mech-
anism of ~-rays in blazars and the structure of these systems in
general. Very broadly, the correlated variability we observe
between the ~-ray light curves and those in the optical and
millimeter-wave is more consistent with leptonic models of ~-
ray production than with hadronic models. While a quantitative
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Figure 3. Same as Figure 2 but for year 2.
Table 1
Values of Zero-lag Correlation and Associated p-value for Smoothed and Smoothed-and-detrended Data
Light-curve Statistics
Data Set Zero-lag Correlation Zero-lag p-value
SPT x Fermi year 1 (smoothed) 0.75 29x 1072
SPT x Fermi year 1 (smoothed and detrended) —13 %1072 0.52
Smarts x Fermi year 1 (smoothed) 0.92 3.0x107*
Smarts x Fermi year 1 (smoothed and detrended) 0.92 <107*
SPT x Smarts year 1 (smoothed) 0.48 0.16
SPT x Smarts year 1 (smoothed and detrended) 2.6 x 1072 0.47
SPT x Fermi year 2 (smoothed) 0.23 0.32
SPT x Fermi year 2 (smoothed and detrended) 0.67 1.0 x 1073
Smarts x Fermi year 2 (smoothed) 0.54 7.4 %1072
Smarts x Fermi year 2 (smoothed and detrended) 0.34 8.7 x 1072
SPT x Smarts year 2 (smoothed) 0.32 0.26
SPT x Smarts year 2 (smoothed and detrended) 9.7 x 10% 0.36

Note. Values for years 1 and 2 are reported separately.

comparison of our findings with predictions of specific leptonic
models are beyond the scope of this paper, we note that simple
scaling arguments predict that, in the external inverse-Compton
model, the fractional amplitude of a v-ray flare should scale
linearly with the synchrotron flare amplitude. On the other
hand, in the synchrotron self-Compton model, the ~-ray flare
amplitude should be roughly the square of that seen in
synchrotron. The long-timescale flare in year 1 is of similar
fractional amplitude in the millimeter-wave and v-ray data,
lending some support to the external model. We also note the
longer lifetime of the millimeter-wave outburst is consistent
with a longer radiative lifetime of millimeter-wave electrons as
discussed in, e.g., Potter (2018).

Independent of the production of ~-rays, a puzzling feature
of our data is the complete lack of correlation between the

optical and millimeter-wave data. For year 1, a possible
explanation for this lack of correlation is that we are seeing
different regions of the jet in the two bands because the
millimeter-wave synchrotron radiation is optically thick. This
would also be consistent with the long-timescale correlation
between the millimeter-wave and ~-ray light curves and the
short-timescale correlation of ~-ray and optical light curves,
because we would expect to see short-timescale variability only
closer to the central black hole. In this picture, the short-
timescale millimeter-wave and ~-ray correlation in year 2 is
consistent with the millimeter-wave radiation becoming
optically thin. This motivates the comparison of millimeter-
wave optical thickness at different points in the light curve. To
explore this, we extract 95 GHz SPTpol fluxes for PKS 2326-
502 in a subset of observations, using procedures identical
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those used to extract the 150 GHz flux (Section 2.1). We
measure the millimeter-wave spectral index, which we define
through

S, ox v, (6)

i.e., we estimate « as

In (5150 )
Sos

—’

111 V150
Vos

where So5 and S50 are the 95 and 150 GHz fluxes, and vy5 and
150 are the effective band centers for a synchrotron source. We
estimate « for four 36 hr bundles, each near the three
prominent features in the millimeter-wave light curve: the peak
of the long-timescale flare in year 1, the short-timescale flare in
year 2, and the quiescent period in year 3.

We find values of the millimeter-wave spectral index of
a = —0.24 at the peak of the year-1 flare, o = —0.52 in the year-
2 flare, and o = —0.95 in the quiescent period. These values are
consistent with the picture of the millimeter-wave optical
thickness decreasing after the year-1 flare peak, thus allowing
us to see farther upstream in the millimeter-wave in year 2 than
in year 1. What this scenario does not explain is why we do not
see any correlation between the optical and millimeter-wave
radiation in year 2. It is possible that the optical synchrotron
radiation tracing this activity is too faint, and that any variation
in the optical flux in year 2 is caused by an unassociated process.

(N

o =

6. Conclusion

We have presented results from a pilot study using CMB data
to monitor AGN, in particular the blazar PKS 2326-502. We
have correlated the millimeter-wave light curve from SPTpol
with ~-ray data from Fermi-LAT and optical data from
SMARTS. We measured long- and short-timescale correlation
between the millimeter-wave and v-ray light curves, and short-
timescale correlation between the optical and ~-ray light curves,
but we found no measurable correlation between the millimeter-
wave and optical light curves. These results are broadly
consistent with leptonic models of ~-ray production in blazars,
but they imply that the production of synchrotron emission is
more complex than a single source at all wavelengths.

While this study only used data from a single object, we have
millimeter-wave data from many more AGN in the SPTpol
survey that we will use in future investigations of multi-
wavelength correlation. We will further expand this monitoring
program using the yet more sensitive data from the current
camera on the SPT, SPT-3G (Sobrin et al. 2022). Future
experiments such as Simons Observatory (Simons Observatory
Collaboration et al. 2019) and CMB-S4 (CMB-S4 Collaboration
et al. 2019) will cover up to 70% of the sky at nearly daily
cadence with similar or even higher sensitivity. These large-
footprint, high-cadence CMB surveys will be particularly well
suited for correlation with optical monitoring from VRO-LSST
(Ivezi¢ et al. 2019). CMB experiments are poised to become an
integral part of the AGN monitoring landscape.
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