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Fig. 14: Top: UKIRT K-band survey progress, as of November 2020. Note that the galactic plane and the
region centered around the North Galactic Pole (RA 12 h 510, DEC +27 deg 070) were previously surveyed;
the current survey fills in the gaps. Also note that UKIRT cannot observe above DEC +60 deg; this “polar
cap” will be filled in with dedicated observations using a different telescope at a later time. Bottom: H-band
survey progress, as of November 2020.
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In 2020, USNO continued to sponsor ICRF 24-hour astrometric and
geodetic observations on the VLBA through the USNO-VLBA 50% time-
share allocation agreement. In 2020, USNO provided the time for 6 RDV
sessions, 12 K-band sessions, and 12 S/X-band sessions. Beginning in
August 2020, the K-band and S/X-band sessions were aligned in time
such that they were run back-to-back in a pseudo-simultaneous manner.
The source lists between the K and S/X bands were also matched.
These alignments allow for monitoring and studying ICRF quasars in
the radio at three frequencies in a quasi-simultaneous fashion for the
purposes of understanding flux and/or astrometric variability and source
structure so that we can better understand the nature of the emission
and perhaps form predictions for when sources might become problem-
atic.

USNO began creation of its own image data archive called the Fun-
damental Reference Image Data Archive (FRIDA) which will be hosted
on the new USNO website scheduled for debut in 2021. Initially, the
observations that will contribute the majority of the images that will be
available on FRIDA come from the VLBA-only sessions as these are
the sessions through which development of a calibration and imaging
pipeline using the NRAO Common Astronomy Software Applications
(CASA) package has been accomplished. FRIDA will be an interactive
web interface for users to obtain access to USNO’s data archive con-
taining all of the radio images created with data from the VLBA. USNO
intends to host calibrated images in FITS format as well as provide the
calibrated uv datasets and ancillary information including plots showing
the amplitude versus uv distance and uv sky coverage as diagnostic
tools of the data quality for each image. Users will be able to download
all of the data made available through FRIDA. Eventually, USNO plans
to host all of the K-band images from the UD001 series as well as the
RDV data. In addition, USNO will host all ancillary archival data that
were previously part of the Radio Reference Frame Image Database
(RRFID) which span frequencies from S/X, K, and Q-bands for a number
of ICRF sources. Figure 15 gives a series of example images that will
be hosted on FRIDA. .
text
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Fig. 15: S-band (left) and X-band (right) images showing a sample of sources from the ICRF that will be
available on FRIDA. The white dashed box in the S-band images denotes the size of the X-band images.
The restoring synthesized beam is shown in the bottom left corners, and the angular scale bars are 20 mas.

ICRF Objects with Multiple
Radio Components

USNO has produced VLBA images of ~3500 out of 4536 S/X ICRF3
sources above a declination limit of -45◦, to be described in Hunt et al.
(2021, in preparation), and made available through FRIDA. In brief, the
VLBA S/X dual frequency system provided astrometric measurements
similar to that of the IVS S/X observations and comprise the majority
(68%) of ICRF3 data (Charlot et al. 2020). Twelve 32-MHz channels
were used in X-band (8.6 GHz) and four 32-MHz channels were used in
S-band (2.3 GHz), the latter of which is used for astrometric calibration
of the ionosphere. Integration times were ~60 to ~160 seconds for
target sources and ~24 seconds for defining sources that were used to
tie the astrometric results to the ICRF. Images were produced at both S-
and X-bands.

We visually classified the ICRF source images in order to select those
with multiple sources, which may pose an issue for the link to Gaia-CRF.
For example, a heavily reddened quasar with a collimated jet may suffer
from a large optical-radio offset, as the Gaia counterpart will be centered
on the jet, missing the location of the radio core. If the system is a dual
supermassive black hole (SMBH) quasar, predicted from hierarchical
cosmological simulations to be common, then it is possible that the Gaia
optical counterpart does not in fact correspond to the ICRF source but
rather its neighbor. While strong optical emission from the accretion disk
of an AGN is ubiquitous, only about 15–20% of quasars are “radio-loud”,
meaning that their radio emission dominates over their optical emission
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(Kellermann et al. 1989). As the ICRF quasars are selected to be radio
sources, this means that they are more likely to be radio-loud, and
any neighboring AGN may well be much less luminous in the radio. If
the neighboring AGN’s optical emission becomes a significant fraction
of the ICRF quasar’s optical emission, be it from intrinsic luminosity
variability or variable reddening, then the ICRF quasar will exhibit an
optical-radio offset. Note also that differential luminosity variability is
likely to be the true cause of astrometric jitter even in true, unresolved,
binary (gravitationally-bound) systems. At the astrometric limit of ICRF3,
~30 µas, even a 109 solar mass black hole binary system at z = 1 will
have an orbital period of ~100 yr (Figure 16). .
text

Fig. 16: Angular separation versus orbital period for a z = 1 binary black hole system (from Dorland et al.
2020).

To flag images with potential multi-sources, we used SExtractor (Bertin
& Arnouts 1996). This produced a list of 143 images of 110 unique
ICRF objects. The three study leads (N. Secrest, J. Frouard, and L.
Hunt) independently classified each image in terms of the number of
compact components (Nc), defined as components consistent with the
synthesized beam of the observation, and extended components (Ne),
defined as those components with additional structure inconsistent with
the synthesized beam. For objects not agreed upon in the first round
of classification, a second round of classification was done, without
knowledge of how the objects were first classified. After this second
round, remaining disagreements were jointly classified by all three inves-
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The Washington Multiple-AGN
Catalog

tigators. The point during the process that consensus was reached will
be used to estimate the reliability of classification. Additional information
on the reliability (and completeness) of this method will be obtained by
comparing with images of multi-source objects not initially flagged for
inspection, and morphological differences between this analysis and
images available on the Bordeaux VLBI Image Database will be noted.
The multi-source classifications, along with reliability and completeness
estimates, will be published as a catalog in the 2021 timeframe, likely
as an ApJS owing to broad interest in these sources from the wider
astronomical community. We show some examples of our classifications
in Figure 17. .
text

As explained above, knowledge of whether or not an ICRF object is a
dual or binary AGN may prove essential to flagging likely “pathological”
sources with large optical-radio offsets, thereby helping to refine the
optical-radio CRF link. Towards this goal, in 2020, USNO started devel-
oping the Washington Multiple-AGN Catalog (WMAGN), its name being
a nod to the venerable Washington Double Star Catalog maintained
by USNO (e.g., Mason et al. 2001). The current goal of this catalog
is to concatenate all confirmed and candidate dual and binary AGNs
in the literature into a single catalog, for future use when considering
optical-radio offsets and CRF link sources, as well as to be of use to the
wider astronomical community.

The WMAGN catalog, version 0.1, was completed in the fall of 2020.
It was assembled over the summer by GMU PhD candidate R. Pfeifle,
whose PhD thesis is on dual and multiple AGNs, as part of an ongoing
USNO-GMU collaboration. WMAGN version 0.1 contains 422 unique
multiple AGN systems, 18 of which are ICRF3 sources. Of these 18,
11 are confirmed or candidate binary AGNs. The catalog is estimated
to be 90 – 95% complete up to 2010. Once it is complete up to 2020
and undergoes some additional quality control tests, USNO intends to
publish it, likely in ApJS. In the long term, the catalog will be updated on
a yearly basis. The current WMAGN data model is shown in Table 5. .
text
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Nc = 1
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Nc = 1
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Nc = 2
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Fig. 17: Example VLBA X-band images of ICRF objects with multiple sources, either resolved (Ne), or
compact (Nc).
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Table 5: WMAGN version 0.1 data model.

index Unique internal system identifier

System Type Type of multiple AGN (e.g., dual AGN)

Literature Name Identifier used in literature source

Name Used name

Selection Method Criterion used to identify multiple AGN system

Confirmation Method Criterion used to confirm multiple AGN system (do not use in v0.1)

z Redshift

z_type Spectroscopic or photometric

RA Right Ascension

Dec Declination

RA_deg Right Ascension in degrees

Dec_deg Declination in degrees

Equinox RA/Dec equinox (always J2000)

Coordinate_waveband Wavelength/passband of RA and Dec

Coordinate_Source Source of RA and Dec

Brightness Apparent magnitude

Brightness_band Passband of apparent magnitude (e.g., V, SDSS g, 1.4 GHz NVSS)

Brightness_type (e.g., mag, asinh mag, mJy)

Sep Angular separation of multiple AGNs, in arcsec

Sep(kpc) Projected physical separation of multiple AGNs

delta_z Difference in redshifts between multiple AGNs

dV delta_z times the speed of light in km/s

Paper(s) System source literature

BibCode(s) NASA ADS bibliography code for Paper(s)

DOI(s) URL of Paper(s)

Notes Salient peculiars or caveats for system

Fundamental Reference Frame
AGN Monitoring Experiment

(FRAMEx)

The Fundamental Reference AGN Monitoring Experiment (FRAMEx)
was conceived at a May 2018 USNO-Paris Observatory IERS ICRS
Centre meeting. The purpose of FRAMEx is to study representative
samples of AGN/quasars to understand the physical processes po-
tentially involved in optical-radio positional offsets seen in many ICRF
sources. We defined two samples for study: a volume-complete sample
of local AGN and a sample of quasars with significant optical-radio
(Gaia-VLBI) positional offsets. Photometric observations of the latter
sample, which are being taken with the new USNO Deep South Tele-
scope (DST; PI: Zacharias, see above) are currently being analyzed.
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Characterization of Gaia EDR3

The details of the volume-limited sample target selection were provided
in IERS Annual Report 2018, but here we provide the salient findings
since that report:

• Despite all of the hard X-ray (14 – 195 keV) selected AGNs in
the local volume being detected with the VLA, only 9 out of 25
(36%) AGNs were detected with the VLBA, indicating that the
“core” radio emission from these AGNs is being resolved-out on
mas scales.

• Including both detections and upper limits, AGNs systematically
“jump out of the plane” of the “Fundamental Plane” of black hole
accretion (e.g., Merloni et al. 2003) when using high-resolution
VLBA data, despite being consistent with the Fundamental Plane
for lower-resolution VLA data. See Figure 18, taken from FRAMEx
paper I (Fischer et al. 2020).

• The LR / LX ratios of our detections are between 10−7 – 10−4,
roughly in line with expectations from coronal synchrotron emis-
sion (LR / LX ~10−5; Laor & Behar 2008). However, given the
sensitivity of our observations to LR / LX ratios as low as 10−7, our
findings raise the possibility of truly radio-silent AGNs.

• The only object in our sample that does not exhibit this jump is
NGC 1052, which is an ICRF object (IERS B0238-084). It has
an LR / LX ratio of ~10−2, in line with the radio-loud / radio-quiet
demarcation of LR / LX = 10-4.5 from Terashima & Wilson (2003).

These findings are consistent with a bimodality in radio loudness
amongst AGNs. This being the case, the volume-complete AGN sample
is of less utility for studying accretion physics relevant to ICRF quasars.
However, we have continued to monitor these objects, and several
projects are being carried out with USNO and its partner institutions. .
text

Gaia EDR3 was released 3 December 2020, allowing for some explo-
ration of the properties of EDR3 matches to the ICRF3, compared with
Gaia DR2. ICRF3 was matched with a tolerance of 1” to Gaia DR2
and EDR3, producing a list of 3384 matches (74.6%). The overall dis-
tribution of optical-radio offsets between Gaia and ICRF3 is somewhat
better, with a median value of 0.56 mas for EDR3, vs. 0.67 for DR2
(Figure 19).

The values of uncertainty-normalized offsets are similar between DR2
and EDR3 (Figure 20). For both catalogs, the normalized offsets are
not consistent with expectations for offsets due to errors, providing that
the formal uncertainties are accurate. The similarity in the distribution
between Gaia EDR3 and DR2 is consistent with these offsets, which
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have been the subject of much study, being physically significant. .
text

Fig. 18: Left: fundamental plane (projected along X-ray and black hole mass axis) versus C-band luminosity
for VLBA-detected AGNs and upper limits. Right: for VLA-detected objects. From FRAMEx paper I (Fischer
et al. 2020).

Fig. 19: Offsets between Gaia and ICRF3 for DR2 (gray shaded) and EDR3 (red line).
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Fig. 20: Uncertainty-normalized offsets. A Rayleigh distribution with sigma = 1 is expected if the coordinate
errors are normally-distributed with errors corresponding to their formal errors (see, e.g., Makarov et al.
2019).

Note, however, that there is some variance in the offset significance for
any given source in EDR3 vs. DR2. To quantify this, we made a table
of the number of sources in DR2 and EDR3 meeting varying cuts on
normalized offset (X_cut; Table 6). For all thresholds, the number of
sources in EDR3 is equal to or lower than those in DR2, suggesting that,
overall, there are fewer objects in EDR3 with significant optical-radio
offsets, although this change is small, of order a few percent. Above a
normalized offset cut of 5, the two catalogs are in agreement to within
2%, suggesting that 5 is a good cut for a reliable sample of significant
optical-radio offsets.

Analysis of the newly published Gaia EDR3 and ICRF3 data, as well
as ongoing FRAMEx observations, is expected to produce significant
new results of direct relevance to improving the evolving ICRF and its
associated optical counterpart, the GCRF. .
text
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Table 6:The number of objects in Gaia DR2 and EDR3 meeting some normalized offset threshold X_cut.
Percent gives these numbers as a portion of the total catalog (3384 sources). Percent_change = N_diff /
N_DR2 * 100.

X_cut N_DR2 Percent N_DR2_EDR3 Percent N_diff Percent_change

3 778 23 709 21 -69 -9

4 538 16 516 15 -22 -4

5 415 12 406 12 -9 -2

6 349 10 340 10 -9 -3

7 291 9 289 9 -2 -1

8 254 8 252 7 -2 -1

9 221 7 218 6 -3 -1

10 198 6 194 6 -4 -2

11 175 5 174 5 -1 -1

12 158 5 158 5 0 0

13 140 4 140 4 0 0

14 126 4 125 4 -1 -1

15 120 4 120 4 0 0

16 115 3 114 3 -1 -1

17 105 3 104 3 -1 -1

18 99 3 99 3 0 0

19 88 3 88 3 0 0

20 86 3 86 3 0 0
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