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Study of the population of AGNs with optical jets at milliarcsecond scales

1 Introduction
Analysis of VLBI and Gaia Data Release 1 (DR1) (?) position differences of active galactic nu-
clea (AGNs) has revealed (Petrov & Kovalev, 2017a; Kovalev et al., 2017) that position offsets
are not random, but have a preferable direction parallel to the jet direction at parsec scales (see
Figure 1. This anisotropy in the distribution of position offsets is highly significant: the prob-
ability to have it by chance is below 10−11. At the same time, as it is shown in Figure 2, the
VLBI/Gaia position offset directions and jet position directions with respect to a direction fixed
in the celestial sphere, for instance, the celestial northern pole, do not show any anisotropy.

Figure 1: The distribution of VLBI/Gaia DR1 position offsets with respect to the jet direction at
parsec scales determined with VLBI. Left: full sample. Center: subsample of the sources with
offsets statistically significant at 95% level that are shorter 3 mas. Center: subsample of the
sources with offsets statistically significant at 95% level that are in a range of 3–10 mas.

The distribution in Figure 1 is produced by subtraction of the quantities which distributions
are shown in Figure 2. In the absence of a signal, the difference of two uniformly distributed
variable will remain uniformly distributed. This implies that the anisotropy in the distribution is
caused by the internal properties of the AGNs, and it is not an artifact of VLBI or Gaia techniques.

Figure 2: Left: the distribution of VLBI/Gaia position offsets with respect to the north direction.
Right: the distribution of AGN jet directions measured with VLBI with respect to the north direction.

The suggested explanation is the presence of optic jets at scales 1–100 mas, i.e. within the
point spread function (PSF) of Gaia, since as a detailed analysis given in Petrov & Kovalev
(2017b) has shown, other possible systematic effects, namely the core-shift and the contribution
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of source structure on VLBI positions, are more than one order of magnitude too small to explain
the phenomenon. The presence of observed VLBI/Gaia offsets does not automatically mean that
optical and radio emission is generated in different regions. Even in the case if radio and optical
emission is co-spatial, i.e. location of the core and the jet in radio and optical ranges coincide, po-
sition estimates from VLBI and Gaia may be different because a response on an extended source
of a power detector used by Gaia and an interferometer that records voltages is fundamentally
different. When the source structure is confined within the PSF, the position determined by a
power detector corresponds to the position of an image centroid, while position determined by an
interferometer is very close to the position of the most compact image component.

Therefore, VLBI/Gaia position difference is an offset of an optical image centroid with
respect to the position of a radio core associated with the jet origin.

Optical and X-ray jets at AGNs are not uncommon. They are known at about 20 sources
and studied in detail in (Georganopoulos et al., 2016; Meyer et al., 2017). Known optical jets
at scales 0.2–20 arcsec are co-spatial with radio jets (Perlman et al., 2006). In order to explain
histogram 1, we suggest that known optical jets are the tail of the distribution, and at scales 1–
200 mas the optical jets are ubiquitous. Figure 3 presents the simplified diagram. The green
ellipse shows the position of the radio core — the area of the optically thick jet. The radio core
is assumed to be displaced with respect to the accretion disk toward jet direction. In general, the
radio core is displaced with respect to the optical core along the jet, but multi-frequency VLBI
observations allows to evaluate the magnitude of this shift (Kovalev et al., 2008; Sokolovsky et
al., 2011; Abelan et al., 2018) and relate position of the radio core to position of the the optical
core. The optically thin jet is shown with blue color. The optical position measured by Gaia,
denoted by a cross, is the centroid of the three-component image: accretion disk, core, and the
jet. It depends on fluxes and relative distances of the components. We introduce two fundamental
observablesOj andOt — projection of the Gaia position offset with respect to the VLBI position
into the parsec-scale jet direction determined from a VLBI image.

Figure 3: The diagram of the core-jet morphology. Red circles are centroids of the accretion disk,
core, and optically thin jet. The image centroid is the centroid of these three components.

If emission of the optical jet is negligible, the image centroid will be close to the accretions
disk, and Oj will be negative. Strong emission from the optical jet can shift the image centroid
along the jet and make Oj positive. Thus, Oj is a measure of optical jet dominance. This is a new
source of information, not known before Gaia data release, and the focus of our project is to use
it for the AGN population study.

2



Study of the population of AGNs with optical jets at milliarcsecond scales

2 Predictions and confirmations
The presence of optical structure results in a number of observational consequences. One of them
is a prediction of a jitter in optical positions of radio-loud AGNs due to variability (Petrov &
Kovalev, 2017b). Analysis of light curves and position jitter from Gaia with respect to VLBI
positions will allow us to measure quantitatively the distance of the jet centroid with respect
to the jet base, distance between the jet base and the accretion disk, and the share of jet flux
in optical range to the total flux for the sources with strong variability or flaring events during
Gaia mission. We will be able to check these prediction in 2022 after Gaia DR4. We made
another prediction: the anisotropy in VLBI/Gaia jet directions will not disappear with the grow
of accuracy, but offsets will be determined just more precisely. In particular, we predicted the
peaks in the histogram will become sharper. Figure 4 demonstrates the same histogram, but
generated using Gaia DR2 (Lindegren et al., 2018) that was made publicly available on April 25,
2018. The anisotropy indeed became more profound than in Gaia DR1 due to higher position
accuracy of DR2!

Figure 4: The distribution of statistically significant VLBI/Gaia position offsets using Gaia DR2.
The peaks of the distributions are sharper than the same histogram generated using Gaia DR1,
because position errors of Gaia DR2 are significantly lower.

Our interpretation of VLBI/Gaia offsets as manifestation of the presence of optical disk results
in a separation of sources that are tentatively accretion disk dominated and jet dominated. Jet
dominant in this contest does not necessarily means jet contribution is greater than accretion
disk contribution. Since thermal emission of the accretion disk and synchrotron emission of
the jet have different spectrum, we predicted the sub-sample with position angles around 0 (jet-
dominant) and position angles around 180◦ (accretion disk dominant) will have a different color.
A cursory look at the Gaia DR2 data that were released one week before this project is prepared
has confirmed that the colors of two sub-samples are indeed different. As we see in Figure 5 that
the sources with optical centroid shifted along the jet with respect to the jet base are systematically
redder.

Predictions that are confirmed provide a very strong argument that our interpretation is valid.
Diagrams like Figure 5 present a strong evidence that investigation of statistical dependencies
of Oj observables and offset position angles will allow us to study properties of optical jets at
0.1–100 mas scales.

3 Problem Statement
Cross-matching VLBI and Gaia DR2 catalogues of AGN positions, we cross-matched 8801.
We determined jet directions of 4027 matches and computed Oj and Ot observables. Of them,
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Figure 5: The histogram of spectral indices (S ∼ f+α) of VLBI/Gaia matches derived using G,
B, and R fluxes provided by Gaia DR2. Angle ψ is the direction of Gaia position offset relative
to VLBI position with respect to jet direction. Left: full sample. Right: sub-sample of statistically
significant offsets. The histogram was smoothed with the moving median with ±50◦ window.

1649 sources have offsets greater 2max(σG, σV ), i.e. statistically significant. We split the sam-
ple of 4027 AGNs into three sub-samples: Ps with σ(Oj) > 2max(σG, σV ) (734 sources), Ns

with σ(Oj) < −2max(σG, σV ) (383 sources), and 2910 others. According to the argumentation
presented in the previous section, we consider the sources of the first sub-sample Ps as having
significant contribution from both optically thick and optically thin jet in the optical range. We
consider that the sources from the second sub-sample Ns have a low contribution from jets. We
split the remaining sources into two sub-samples: Pn if Oj > 0 (1529 sources) and Nn if Oj ≤ 0
(1381 sources). The last two sub-samples discriminate the populations of sources with significant
and insignificant jet contribution, but Oj is not significant for a given source.

The objective of our project is to investigate the differences in statistics of AGN prop-
erties in samples Ps against Ns and Pn against Nn, i.e. investigate to what extent the
presence of the significant contribution of optical emission from the jet affects proper-
ties of radio-loud AGN.

The motivation of our study is to find the use of a new information about AGN properties, Oj
and Ot observables, that was not available before September 2016 and try to exploit it to better
understanding the AGN nature. It was assumed that optical emission from AGNs has a thermal
component from the accretion disk and a non-thermal component from the jet. However, in the
past there were no method to measure the contribution of the non-thermal emission. The basic
question that we are going to investigate is how the presence of a strong optical jet affects other
properties of AGNs. Are the radio-loud AGNs with strong optical jet dominance are different than
the AGNs with weak jets? Studying sub-samples with > 1000 objects is promising to provide
robust statistics.
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4 Our Approaches and Methodologies
There are 8801 matches of VLBI and Gaia with the probability of false association < 0.0002.
Among them, jet directions have been determined for 4027 objects, i.e. roughly for one half.
The VLBI/Gaia position offsets with respect to jet direction was published by Petrov & Kovalev
(2017a). We have determined Oj and Ot observables for these sources based on that publication
and corrected by subtracting Gaia DR2 minus Gaia DR1 difference, transforming VLBI/Gaia
DR1 offsets in the original publication to VLBI/Gaia DR2 offsets. These objects form the parent
sample that we are going to investigate in detail.

Our approach consists of three tasks:

1. Determine spectral energy distribution (SED) in the sample of 8801 matches using all
ranges from radio to γ-ray. We will use both space-born and ground catalogues. For this
task we do not restrict ourselves with the parent sample and consider all 8801 matches,
anticipating that the number of sources with known jet directions will grow within next
several years owing to new VLBI programs that are currently running.

2. Investigate correlations between Oj, and Ot observables or the position angle with respect
to fluxes, spectral indices and other derived parameters.

3. To model the SED in order to separate the contribution from starlight, accretion disk, and
the jet. To model the distribution of Oj and Ot observables and investigate, whether there
is a contradiction between these two models.

4.1 Determination of the spectral energy distribution

We will used the following datasets to determined flux of the matched objects:

• GALEX We will be using Revised GALEX catalog (Bianchi et al., 2017). This catalogues
will provides us the magnitudes of matched objects at 152.8 nm (Far UV) and 231 nm
(near UV). A preliminary analyze identified 51% VLBI/Gaia matches have a counterpart
in GALEX catalogue. Median arc length, 0.83′′, makes final association relatively simple.
We will need to assess the source density at the grid of galactic longitude and latitude, and
using the source density to compute the probability to find an unrelated objects within a
given search radius, similar to what we have done in (Petrov & Kovalev, 2017a). We are
going to scrutinize each source paying special attention to extended sources.

• ROSAT We will be using ROSAT all-sky survey bright source catalogue (Voges et al.,
1999) and The ROSAT All-Sky Survey Faint Source Catalogue (RASS-FSC) (Voges et al.,
2000) for getting source fluxes at 0.1–2.4 kev and two hardness ratios that are proportional
to spectral indices in the soft (0.1–0.4 kv) and hard (0.5–2.0 kv) energy bands. A prelimi-
nary analyze identified 30% matches have a ROSAT counterpart within 180′′. This cutoff
seems a bit excessive and a simple association using this cutoff may have 1–2% fraction of
false association. We will investigate the optimal arc length cutoff using log N–log S for
VLBI/X-ray association, evaluate source density as a function of galactic latitude and the
probability of false association at a given arc length, source flux and warning flags.
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Arc length VLBI/Galex (arcsec)

Figure 6: Distribution of arc-lengths between GALEX and VLBI positions. The
distribution is normalized to have integral equal to 1.

• 2CXO A fraction of sources detected with ROSAT was observed with Chandra. We will be
using 2CXO catalogue available at http://cxc.harvard.edu/csc2/ that is an ex-
tension of 1CXO catalogue (Evans et al., 2010). Position accuracy of Chandra is relatively
high, the median arc length between VLBI and 2CXO is 0.2 mas, which makes association
with 2CXSO relatively easy. Approximately 5% of VLBI/Gaia matches have a Chandra
counterpart. We will use fluxes from broad (0.5–7.0 kev) and hard bands (2.0–7.0 kev).

• WISE We will be using ALL-WISE catalogue (Wright et al., 2010) to get far-infrared fluxes
at 3.4, 4.6, 12, and 22 µm. A preliminary analyze identified 87% VLBI/Gaia matches have
a counterpart in WISE catalogue. We are going to scrutinize each source paying special
attention to extended sources and crowded zones.

• Fermi We will be using the Preliminary LAT 8-year catalogue available at https:
//fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y that is an extension
of the LAT 4-year Catalog 3FGL (Acero et al., 2015) to get the energy flux at the band
100–1000 Mev and 1–100 Gev. We have developed our own efficient method for associa-
tion of Fermi sources with VLBI (Petrov et al., 2013; Schinzel et al., 2015, 2017) based on
computation of the the ratio of the probability that a radio counterpart of Fermi source will
be found inside a disk of a given search radius to the probability to find a background radio
source with a given flux density or greater outside the same disk. A preliminary analyze
showed that 23% VLBI/Gaia matches have a counter part in Fermi catalogue.

• PanSTARRS We will be using PanSTARRS catalogue (Chambers et al., 2016) to get near-
infrared fluxes at i, z, and y bands. A preliminary analyze identified 87% VLBI/Gaia
matches have a counterpart in PanSTARRS catalogue within its sky coverage. We will
perform similar matching analysis as for GALEX and WISE.

• SkyMapper We will be using SkyMapper catalogue (Wolf et al., 2018) to get fluxes at u, v,
i, and z, bands of the southern hemisphere sources brighter 18 mag at g filter. A preliminary
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Table 1: Table of frequency ranges for SED computation. Flag: whether a given instrument is
one of space astrophysics missions with NASA significant contribution.

Range Instrument Flag Status
2.2–2.4 GHz VLBI No finished
8–9 GHz VLBI No finished
22 µm WISE Yes Proposed
12 µm WISE Yes Proposed
4.6 µm WISE Yes Proposed
3.4 µm WISE Yes Proposed
Y-filter PanSTTARS No Proposed
Z-filter PanSTTARS, SkyMapper No Proposed
I-Filter PanSTTARS, SkyMapper No Proposed
R-Filter Gaia DR2 No finished
G-Filter Gaia DR2 No finished
B-Filter Gaia DR2 No finished
U-Filter SkyMapper No finished
231 nm GALEX Yes Proposed
153 nm GALEX Yes Proposed
0.1–0.4 kv ROSAT Yes Proposed
0.5–2.0 kv ROSAT Yes Proposed
2.0–7.0 kev Chandra Yes Proposed
0.1–1 Gev Fermi Yes Proposed
1–100 Gev Fermi Yes Proposed

analyze identified 10% VLBI/Gaia matches have a counterpart in PanSTARRS catalogue
within its sky coverage. We will perform similar matching analysis as for GALEX and
WISE.

Table 4.1 summarizes the frequency (energy) ranges for SED computation. We should empha-
size that although the use of Gaia and VLBI data is essential for our project, we do not propose
work related with VLBI and Gaia. VLBI data analysis that includes precise astrometry and imag-
ing is finished and published. Association with Gaia is finished and published. Fluxes at B, G,
and R filters have been extracted during VLBI-Gaia association and do not require extra work.
The focus of this task is to associate VLBI objects with space-born detectors and build reliable
SED. Exploratory nature of our project dictates selection of broad range of observables that can
be used to reveal the dichotomy between jet-dominated and accretion disk dominated radio-loud
AGNs.

We will collect redshifts for the parent samples first using NASA/IPAC Extragalactic Database
(NED) and then performing a thorough literature search for the redshifts that are not yet in the
NED. Currently, approximately 40% objects from the VLBI have known redshifts.

We will establish AGN classification, such as quasar, BL Lac, galaxy, using Extragalactic
Database (NED) and then performing a thorough literature search using SDSS and other sources
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of information. We are going to estimate source compactness in UV (GALEX), IR (WISE) and
optic (PanSTARRS) by processing images and integrating fluxes within several circles of fixed
radius. These estimates will allow us to assess the contribution of starlight.

We are going to scrutinize GALEX, WISE, PanSTARRS, and SkyMapper images and flag
interacting galaxies.

4.2 Blind search of dependencies of AGN properties on VLBI/Gaia offsets

Since a study of VLBI/Gaia position offsets is a new research area that did not exist even two
years ago, the first phase is exploratory. We will consider two primary observables, Oj and Ot,
and the derived quantity, position angle ψ and will perform a blind search of dependencies similar
that we showed in Figure 5. Another very preliminary result of such blind search is shown in
Figure 7: the sources with position angle ψ around 180◦ that we tentatively consider as accretion
disk dominated (weak jet) are predominately brighter.

Total

0                  180 0                  180
Position angle ψ (deg) Position angle ψ (deg)

Figure 7: The histogram of the dependencies of flux density at 8 GHz of VLBI/Gaia matches
as a function of the Gaia position offset ψ with respect to jet direction. The total flux density is
integrated over the image and is confined to 10 mas area. The unresolved flux density character-
izes the radio flux density at sub-mas scales. Left: full sample. Right: sub-sample of statistically
significant offsets. The histogram was smoothed with the moving median with ±50◦ window.

These two results are low-hanging fruits, since Gaia colors were taken directly from Gaia and
flux densities from the VLBI database available at http://astrogeo.org/vlbi_images
that we have developed in the past. Collection of information about multi-frequency broad-band
fluxes and computation of the SED from radio to hard γ-ray range will significantly expand the
parameters space and enables us to perform a search of such dependencies in a systematic way.

In particular, we are going to perform a blind search and explore the following relationships:

• histograms of dependence of fluxes at different ranges similar to those presented in Fig-
ure 7;
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• histograms of dependence of colors at different ranges similar to those presented in Fig-
ure 5;

• relationships betweenOj andOt observables or position angles ψ against fluxes and colors.

• relationships between Oj and Ot observables or position angles ψ against source compact-
ness in optic and radio,

• relationships between Oj and Ot observables or position angles ψ against distance derived
from redshifts.

The dataset used in the blind search will be subdivided by the source classes and other char-
acteristics, such as the presence of interacting galaxy.

Blind search is aiming to find basic relationships, including those that are not expected. Re-
sults of blind search will augment the list of relationships for guided search.

4.3 Guided search of dependencies of AGN properties on VLBI/Gaia offsets

Previous studies have demonstrated for the population of AGNs selected on the basis of their
optical fluxes (See e.g. Elvis et al., 1994; Koratkar & Blaes, 1996; Sazonov et al., 2004) optical
emission of the accretion disc and/or the host galaxy dominates for the population of AGNs
selected on the basis of their optical fluxes. From the other hand, the population of AGNs selected
on the basis of its parsec-scale radio emission have a significant fraction of blazars — the objects
with synchrotron emission dominated. The presence of optical jets that synchrotron emission
is strong enough to shift the centroid assumes the presence of the optically thick core that is
supposed to provide even a stronger contribution of the synchrotron emission to the SED.

In addition to blind search, we are going to perform a guided search based on our expectation
of what kind of dependencies we can find. We expect that sources with negative Oj observables
have less powerful optic jets than those with large positiveOj and they have large share of thermal
emission from the accretion disk. This SED that includes IR, optical, UV, and soft X-ray emission
is supposed to help to identify the contribution of the Big Blue Bump — a significant feature in
the UV to optical region (Shields, 1978; Shang et al., 2005). This feature is thought to be thermal
emission from an optically thick accretion disk feeding a massive black hole (Malkan et al., 1982).
This was one of the motivations of using GALEX and ROSAT data for our study. We are also
going to estimate the IR bump with maximum at 2–10 µm that is generally attributed to thermal
emission from dust at temperatures of order 100–1000 K. We will parameterize the strength of the
Big Blue Bump and the strength of the IR bump in the SED with a simple mathematical model
of a broken power-law requiring that emission features at wavelengths below a given cutoff to
corresponds the specified region. We expect the Big Blue Bump and IR bump be less prominent
for the sources with strong synchrotron emission. Therefore, we expect these feature to anti-
correlate with Oj observable.

We will investigate the relationships of these parameters of with Oj and position angle ψ. We
expect the strength of the Big Blue Bump will correspond to the relative strength of the accretion
disk emission and we expect the source with large Big Blue Bump will be more common in the
population with negativeOj. Strength of the IR bump is expected to correlate with the abundance
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of dist and dust obscuration. We will check whether the sources with strong IR bumps will are
less common in the population objects with negativeOj. We will also perform an in depth guided
search for the relationships established during the coarse search.

Flux density at 8 GHz (mJy)

Gaia DR2

Figure 8: Left: The dependence of log of the number of sources in RFC VLBI catalogue versus
log correlated flux density at 8 GHz. The catalogue is complete at 97% level at 150 mJy. Right:
The dependence of log of the number of source in Gaia DR2 on mean G mag. (abridged Fig. 2
in (Brown et al., 2018)).

An important part of guided search procedure is evaluation of a selection bias. As the logN–
logS curves suggests (see Figure 8) the parent VLBI catalogue is completed to a level of 150 mJy,
but it contains also sources as weak as 10 mJy. Gaia is complete at around 21 mag at G filter,
and thus cuts approximately 40% VLBI sources that are weaker. The GALEX All-Sky Imaging
Survey is complete at about 21 mag at 231 nm and 20 mag at 153 nm. Basically, for each char-
acteristics, flux density at a given wavelength, redshift, source class, we have a different subset
of sources that. Neither subset is complete. We will investigate the impact of the selection basis
at a case by case basis by examining the procedure how the subset was formed and by drawing
sub-samples that are complete at certain criteria. Lack of completeness prevents generalization
of the conclusions drawn from studying a sample to a general population. But we do not consider
this as a fatal blow of the project, since we are currently in the exploratory phase. For those rela-
tionships that we will find may be affected by a selection bias, we will issue recommendations for
observing programs to reach completeness. Results of our analysis will be used for justification
of the selection criteria, wavelengths, and sample size of these future programs if such necessity
will emerge.

4.4 Modeling the SED

We are going to model the SED in our sample. The radiation emitted by an AGN is usually
attributed to the following two physical processes Abdo et al. (2010):

1. Thermal radiation originating from in-falling matter strongly heated in the inner parts of an
accretion disk close to the black hole. This radiation is often assumed to be Comptonized
by a hot corona producing the power-law X-ray emission.

2. Non-thermal emission emitted in a magnetic field by highly energetic particles that have
been accelerated in a jet of material ejected from the nucleus at relativistic speed.
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We see two approaches for SED modeling, and we are going to exploit both.
In the first approach we will ignore non-thermal emission in IR to X-ray band. As a start-

ing point, we are going to use the Markov Chain Monte Carlo based AGNfitter (Rivera et al.,
2016). We will consider four independently modeled component, specifically, the accretion disk
emission the hot dist surrounding the accretion disk (torus), and the stellar population of the host
galaxy, and the emission from the cold dust in start-forming regions. The parameter space has ten
adjustable parameters. The most important parameters for our study the integrated accretion disk
luminosity and the integrated host galaxy emission in the frequency range of the G filter.

We are going to explore whether the objects with large Ot observables, i.e. with VLBI/Gaia
position offsets that are misaligned with respect to the jet direction are predominantly in the
objects with significant fraction of host galaxy emission. In general, the AGNs may be misaligned
with respect to the center of host galaxy optical emission at several milliarcsecond level. The
contribution of such a misalignment to the centroid offset will be for the AGNs with a large share
of host galaxy emission.

We expect the sources with large negative Oj observables will have larger fraction emission
from the accretion disk from the SED model. We are going to check whether the SED modeling
will confirm this.

In the first approach we will ignore thermal emission and following Abdo et al. (2010) we will
estimate the radio spectral index, the peak frequency and peak flux of the synchrotron component,
and the peak frequency and flux of the inverse Compton part of the SED. Mathematically, we
represent SED is expressed as superposition of the third degree polynomial Ssync and Scomp:

f S(f) = a f 3 + b f 2 + c f + d

Ssync for f < fcrit and Scomp for f > fcrit, where fcrit is a critical frequency that separates two
ranges with synchrotron-dominated and Compton-dominated emission.

We will determine the frequency of the synchrotron peak energy and peak intensity from
the fitted SED. We will explore the relationships between the synchrotron peak energy and peak
intensity frequencies against Oj, Ot, and position angle ψ.

We will investigate which extreme cases, neglecting thermal emission, or neglecting non-
thermal emission will provide better SED fit. This will signal which component, thermal or
synchrotron dominates. We will explore whether the SED fitting algorithm can be extended to
include the contribution of the synchrotron jet emission without introducing degeneracy.

5 Deliverables
The following will be delivered in the course of the project:

• Associations of VLBI/Gaia matches with WISE, PanSTARRS, SkyMapper, GALEX,
ROSAT, Chandra, Fermi catalogues.

• Broad band spectrum of VLBI/Gaia matches compiled from associations with above men-
tioned catalogues

• AGN classification and known redshifts of VLBI/Gaia matches associations with above
mentioned catalogues
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• The results of modeling the SED of VLBI/Gaia matches

• significant relationships between Oj, Ot observables, and the position angle ψ against pa-
rameters of the broad-band photometry, colors, and parameters of the SED models.

6 Expected significance of the proposed work
We are going to fully explore the potential that measurement of the offset in an optical image
centroid with respect to the position of a radio core associated with the jet origin brings to under-
standing the population of radio-loud AGNs.

The goal of our project is to bring new observables, Oj and Ot into the mainstream of
AGN astrophysics.

Since source variability will cause a jitter in Gaia position time series and thus set the limit
of position accuracy according to (Petrov & Kovalev, 2017b), the sources with non-negligible
VLBI/Gaia offsets will be scrutinized in detail for both astrometric and astrophysics programs.
Three large observational programs focused on improvement of accuracy of Oj and Ot observ-
able determination have been approved by the National Radio Astronomy Observatory, the Eu-
ropean VLBI Network, and the Australian Telescope National Facility. Two pilot programs of
spectro-polaritmetric observations of the sample with large Oj have been approved by the South-
ern African Large Telescope and the 6 m BTA telescope. Result of the proposed project will
help to steer future observational programs. In particular, we will identify what observations
are needed to reach sample completeness in order to confirm relationships that may suffer from a
selection bias.

7 Management plan
The chart below shows the schedule for implementing the tasks. The schedule is arranged to give
an approximately uniform deployment of effort for the team.

Table 2: Schedule chart

Activity name PY1 H1 PY1 H2 PY2 H1 PY2 H2

Association of VLBI/Gaia matches • •

Compiling the broad-band AGNs spectra • •

Investigation of relationships within the sample • • •

SED modeling • • •

Writing papers and reports •

The Principal Investigator, Leonid Petrov, who works for ADNET Systems Inc. will manage
the project. He will be compiling the broad-band AGNs spectra, investigate the relationships
within the sample, and work on SED modeling.
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Collaborator Alexander Plavin, who is the 2nd year PhD student of the Astro Space Cen-
ter of Lebedev Physical Institute will be working on SED modeling, investigation of empirical
relationships within the sample and investigation of impact of sample incompleteness.

Professor Yuri Kovalev will work on interpretation of results.

7.1 Data sharing plan

The major results of this project will be accessible as electronic attachments to peer-reviewed
publications. In addition, to provide a wide visibility of results to the community, we will maintain
the project web site that will contain these results as well as auxiliary data products. Examples
of our past data-sharing practices can be found at http://astrogeo.org and http://
earthrotation.net.
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ROSAT All-Sky Survey Bright Source Catalogue (1RXS), Astron. & Astrophys., 349, 389–
405.

Voges W., Aschenbach B., Boller Th., Brauninger H., Briel U., Burkert W., Dennerl K., Engl-
hauser J., Gruber R., Haberl F., Hartner G., Hasinger G., Pfeffermann E., Pietsch W., Predehl
P., Schmitt J., Trumper J., Zimmermann U., (2000). “ROSAT All-Sky Survey Faint source Cat-
alogue (RASS-FSC)” IAU Circ. 7432.
http://www.xray.mpe.mpg.de/rosat/survey/rass-fsc

Wolf, C., Onken, C. A., Luvaul, L. C., Schmidt, B. P., Bessell, M. S., Chang, S.-W.,
Da Costa, G. S., Mackey, D., Martin-Jones, T., Murphy, S. J., Preston, T., Scalzo, R. A.,
Shao, L., Smillie, J., Tisserand, P., White, M. C., Yuan, F., “SkyMapper Southern Survey:
First Data Release (DR1)”, Publ. Astron. Soc. Austarlia, 35, e010.

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., Ressler, M. E., Cutri, R. M., Jarrett, T., Kirk-
patrick, J. D., Padgett, D., McMillan, R. S., Skrutskie, M., Stanford, S. A.; Cohen, M. Walker,
Russell G., Mather, J. C., Leisawitz, D., Gautier, T. N.; McLean, I., Benford, D., Lonsdale, C. J.,
Blain, A., Mendez, B., Irace, W. R., Duval, V., Liu, F., Royer, D., Heinrichsen, I., Howard, J.,
Shannon, M., Kendall, M., Walsh, A. L., Larsen, M., Cardon, J. G., Schick, S.; Schwalm, M.,
Abid, M., Fabinsky, B., Naes, L., Tsai, C.-W., (2010), “The Wide-field Infrared Survey Ex-
plorer (WISE): Mission Description and Initial On-orbit Performance”, Astron J, 140, 1868W.

17

http://www.xray.mpe.mpg.de/rosat/survey/rass-fsc


Study of the population of AGNs with optical jets at milliarcsecond scales

9 Biographical Sketches

Leonid Petrov (PI)

Present position:

Principal Scientist of ADNET Systems Inc.

Professional experience:

Since 1988 Leonid Petrov has been working in data analysis of VLBI data for various applica-
tions. He has developed algorithms and implemented them into software for all phases of VLBI
technique that includes scheduling, VLBI post-correlation processing based on cross-spectrum,
computation of theoretical VLBI delay, astrometric VLBI data analysis based on group delays,
and imaging. He has processed all publicly available VLBI observations suitable for astrometry
and geodesy (over 140,000 hours) and reprocessed from visibility level (Level 1B) all VLBA
astrometric observing campaigns. Leonid Petrov participated as a PI or co-I of the majority of
VLBI astrometry program. He has compiled the most comprehensive astrometric catalogue of
VLBI sources, publicly available at http://astrogeo.org/rfc, that by May 2018 has
14,786 entries. Positron accuracy of that catalogue is close to the position accuracy of Gaia.
He has produced over 25,000 VLBI images, and he maintains the most complete database of
VLBI source images, publicly available at http://astrogeo.org/vlbi_images of over
12,000 extragalactic sources.

His work as NASA contractor involved improvement of VLBI technique, designing and run-
ning global VLBI astrometry program, implementation of advanced methods of VLBI data analy-
sis, such as using the output of 4D numerical weather models for computation of slant path delay
in the neutral atmosphere, brightness temperature of the atmosphere, and atmospheric opacity.
Leonid Petrov has managed project radio observations of unassociated Fermi sources and their
follow-up with VLBI.

Management experience:

Managed twenty one projects under various astronomy programs at the National Radio Astro-
nomical Observatory, Joint VLBI Institute in Europe, ATNF, the CSIRO’s Australia Telescope
National Facility, The Korean VLBI Network, and the National Astronomical Observatory of
Japan.

Managed six ROSES projects under NASA programs as a principal investigator.

Education:

Ph.D. of Russian Academy of Sciences, 1995, Astronomy
M.S. of Leningrad National University, 1988, Astronomy
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10 Summary of Work Effort

Table of Personnel and Work Effort

The following table reflects the level of support in FTE units required of all personnel (including
unfunded co-investigators) necessary to perform the proposed investigation, regardless of whether
these individuals require funding from this proposal.

Name Role Institution PY 1 PY 2 Total
Leonid Petrov PI ADNET Systems 0.33 0.33 0.67
Alexander Plavin collaborator Astro Space Center 0.67 0.67 1.33
Yury Kovalev collaborator Astro Space Center 0.10 0.10 0.20
? — no budget is requested for foreign collaborates Alexander Plavin and Yury Kovalev. Alexan-

der Plavin is funded at 1.0 FTE level from their organizations.

The proposed work level is appropriate to perform the investigation on the basis of previous
investigations and experience.

PI Leonid Petrov will manage the project. He is responsible for retrieval of all space-born
and ground-based observational data, cross-matching the sources from the parent sample with
objects in the datasets under consideration and evaluation of the probability of false association.
Leonid Petrov will compute the SED. He will be performing computation of dependencies of of
VLBI/Gaia offset parameters and evaluation of their significance. Leonid Petrov will develop
SED models.

Collaborator Alexander Plavin, the 2nd year Ph.D. student, will investigate various relation-
ships in VLBI/Gaia/ offset parameters with flux densities and spectral indices. He will be evalu-
ating significance of these relationships. He will be reporting to prof. Yuri Kovalev.

Collaborator professor Yuri Kovalev will be involved in interpretation of relationships of
VLBI/Gaia offset parameters and he will coordinate work of Alexander Plavin.

All team members will participate in writing the project report and journal publications. Co-
ordination of the project will be done mainly via email and telephone. The team will gather at the
AAS and COSPAR meetings for face-to-face communication.
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11 Current and pending support

Current and pending support of PI, Leonid Petrov

Project title: Excitation and dissipation of the free core nutation
P.I.: Leonid Petrov
Contact: Leonid.Petrov@nasa.gov Tel: (703) 556–8757
Source support: NASA, Earth Surface and Interior
Committed time: PY 2018: 3 months PY 2019: 3 months
Amount received: PY 2018: $55,176 PY 2019: $54,925
Award duration: January 2017 — December 2019
Project status: Current

Project title: Monitoring southern hemisphere Fermi-detected AGNs with
the radio interferometers in New Zealand

P.I.: Leonid Petrov
Contact: Leonid.Petrov@nasa.gov Tel: (703) 556–8757
Source support: NASA, Fermi Guest Investigator-11
Committed time: PY 2018: 1 months PY 2019: 0
Amount received: pending pending
Award duration: January 2019 — December 2019
Project status Pending

Project title: ImPACT: lithosphere-atmosphere coupling associated with
major seismisity

P.I.: Dimitar Ouzounov
Contact: Dim.Ouzounov@gmail.com Tel: (703) 915-0467
Source support: NASA, Earth Surface and Interior
Committed time: PY 2019: 2 months PY 2020: 3 months PY 2021: 3 months
Amount received: pending pending
Award duration: January 2019 — December 2021
Project status To be submitted

Project title: Development of the optimal strategy for scheduling
VLBI observations

P.I.: Leonid Petrov
Contact: Leonid.Petrov@nasa.gov Tel: (703) 556–8757
Source support: NASA, Earth Surface and Interior
Committed time: PY 2019: 6 months PY 2020: 6 months PY 2021: 0
Amount received: pending pending
Award duration: January 2019 — December 2020
Project status To be submitted
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12 Budget Justification: Narration

Budget for ADNET SYSTEMS, Inc.

12.1 ADNET Funding

Requested labor funding:

Name Role PY 1 PY 2 Total
Leonid Petrov PI 0.33 0.33 0.67

Domestic travel for ADNET Systems Inc

Funds for the PI institution, ADNET Systems Inc, are requested to cover Leonid Petrov to attend
the AAS winter meeting held in Honoluluy, in January 2020. The purpose of the travel is to
present lrilimnary results of the project and communicate with collaborators, Y. Kovalev and
A. Plavin.

Departure: Washington D.C
Destination: Honolulu, HI Austria
Number of days: 6
Airfare: $ 1200.00
Hotel $ 177 × 6 nights: $ 1062.00
Per diem $ 111 × 6.5 $ 721.50
Registration fee: $ 560.00
Miscellaneous: $ 100.00
Total for FY2018: $ 3643.50
Adjusted for inflation (6%): $ 3862.00

The cost of the travel is adjusted for inflation at annual rate 3%.
The following standard cost assumptions were applied: estimated airfare were obtained

from estimating search engines, (i.e. Travelocity, etc); per diem costs were obtained from
https://aoprals.state.gov/web920/per diem.asp. Miscellaneous costs include
estimated incidental costs, such as airport parking, taxi to and from the airport, toll, telephone
calls, luggage registration surcharges, etc.

Foreign travel for ADNET Systems Inc

Funds for the PI institution, ADNET Systems Inc, are requested to cover Leonid Petrov to attend
the COSPAR Scientific Assembly meeting held in Sydney, Australia in August 2020. The purpose
of the travel is to present the final results of the project and communicate with the collaborators,
Y. Kovalev and A. Plavin.
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Departure: Washington D.C
Destination: Sydney, Australia
Number of days: 8
Airfare: $ 2100.00
Hotel $ 240 × 7 nights: $ 1680.00
Per diem $ 157 × 8.5 $ 1334.50
Registration fee: $ 850.00
Miscellaneous: $ 100.00
Total for FY2018: $ 6064.50
Adjusted for inflation (6%): $ 6428.00

The cost of the travel is adjusted for inflation at annual rate 3%.
The following standard cost assumptions were applied: estimated airfare were obtained

from estimating search engines, (i.e. Travelocity, etc); per diem costs were obtained from
https://aoprals.state.gov/web920/per diem.asp. Miscellaneous costs include
estimated incidental costs, such as airport parking, taxi to and from the airport, toll, telephone
calls, luggage registration surcharges, etc.

Publications charges for ADNET Systems Inc

Funds are included for publishing the results. We plan to publish two papers, on in the Astronom-
ical Journal (AJ) and one in Astnonmy and Astropjyscs (A&A). Parge chages in AJ, are $110 per
page, 15 pages costs $1,650. Parge chages in A&A are 100 euro ($120) per page, 15 pages costs
$1,800. Therefore, $3,450 are requested for page chages.

Materials/Supplies for ADNET Systems Inc.

Funds on amount $2,000 per project year are requested for the PI institution for materials and
supplies. They includ computer upgrades and replacing failing parts: hard drives, memory, power
supplies, add-on cards, and for purchasing consumables, such as printer cartridges.

Required facilities and equipment

The existing facilities needed to carry out the proposed research are available at the PI’s institu-
tion. These include a general use computer for development and the office space.

Facilities and administration costs, ADNET Systems Inc

Facility charges that include hosting the server, cost of enterprise grade fiber-optic internet ser-
vices, and office space, are $6,000 annually.

Subcontractors/Subawards
N/A

Cost Sharing
N/A
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