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Introduction — |

» Astrometry (positional astronomy) — the field of astronomy that deals with the
positions of celestial bodies.

» 1963. discovery of the quasar (Quasar - Quasi-Stellar Radio Object)
» ICRF1 - 212 objects defining it (1998),

» ICRF2 - 297 [l (2010),
> ICRF3- 303 I (2019).
» In 1989, the HIPPARCOS (HIgh Precision PARallax COllecting Satellite) satellite was
launched

» Hipparcos — 118,218 stars, epoch J1991.25,

» Tycho — 1,058,332, J1991.25,

» Tycho2 — 2,539,913, J2000.0,

» new Hipparcos catalog — 117 955, J1991.25 (van Leeuwen 2007a,b).
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» In 2013, the Gaia satellite (Global Astrometric Interferometer for Astrophysics) was
launched

» Gaia DR1 (2016) — 1 142 679 769 sources, epoch J2015.0,

> Gaia DR2 (2018) — 1 692 919 135, J2015.5,

» Gaia eDR3 (2020), Gaia DR3 (2022) — 1 811 709 771, J2016.0,
»> Gaia DR4 — (2026) and Gaia DR5 (2030).
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Figure 1: Standard deviation of astrometric catalogs through time (Perryman 2012).
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Active Galactic Nuclei (AGN)

AGN brightness variability:
» intra-day variability (IDV),

» short-term variability (STV),
» long-term variability (LTV).

radio-loud (RL) AGN

radio-quiet (RO) AGN

Figure 2: Schematic representation of the unification model
AGN (Beckmann and Shrader 2012).
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Suitable objects for linking the optical Gaia and radio ICRF celestial coordinate systems:
» with a small optical-radio offset,
» that are not extended galaxies, nor binary or multiple sources,

» without detected morphological structures in the radio domain (radio jet, radio ovals,

o).
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Figure 3: VLBI maps in X (top) and S (bottom) domain for objects 0035+413, 0148+274 and
0430+052 from /ICRF3 (from left to right), taken from the paper Witt et al. 2022.
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Figure 4: Relationship between changes in the photocenter position and changes in brightness in
the B and R domains - QSO 39437 (Andrei et al. 2012).
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Sample selection
» 10% ICRF1 objects are suitable for astrometry (Bourda et al. 2008),
» 47 (34 ICRF3) "point-like" sources in the radio domain (Bourda et al. 2011),
» 19 FSRQ, 15 BL Lac, 8 Sy, 3 QSO and 2 BL Lac/FSRQ,
» 0.049 < z < 3.050, one object has no determined redshift,

» 02.07.2013 —01. 09. 2019,

» ~30 CCD images in V and ~40 R band.
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The data consists of a set of images:

» Own observations with the telescopes of the Astronomical Station Vidojevica - ASV
(2016-2019),

» observations by Dr Goran Damljanovi¢ with the telescopes of ASV, the National
Astronomical Observatory Rozhen and the Belogradchik Astronomical Observatory in
Bulgaria, as well as with the telescope of the Leopold Figl Astrophysical Observatory -
LFOA in Vienna, Austria (2013—-2015),

» and observations by Dr Francois Taris with the robotic telescope Joan Oré Telescope
- TJO, located at the Montsec Astronomical Observatory in Spain (2014-2015).
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> At least two images were taken in the V and R filters,

» bias, dark and flat images, hot and dead pixel map (IRAF),

» cosmic ray map (L.A.Cosmic; van Dokkum 2001) was removed.

» The brightness of the objects was determined by differential photometry (MaxIm DL).

» Magnitudes of the comparison and control stars are taken from APASS,
Pan-STARRS1 and SDSS DR 14, and for object 1722+119 from Doroshenko et al.
2014.

» Transformations from catalog magnitudes to V and R are taken from the papers
Chonis and Gaskell 2008; Tonry et al. 2012.
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Figure 5: Field of view of object 0049+003.
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Statistical tests were applied:

» Abe’s criterion (Hald 1952) q = é/*i
ga:x=M—-A, gg:x=M-B.

» F —test (de Diego 2010)
Ho : VarX = VarY, H: VarX > VarY; Y =A— B,
Fa:X=M-A, Fg: X=M—-B and Fy/p = Fa/F5.

» Variability amplitude parameter (Heidt and Wagner 1996)
VAP = 100\/(MMAX — MMIN)2 — 20’2 (%) o

» The object is variable: gag < qc, Fag > Fe, a=0.001 and the number of data points
n.




Data, data reduction and analysis — V

» Time series with trend and periodic changes
» Time series with trend - simple linear regression

» Time series with periodic changes
» Date-Compensated Discrete Fourier Transform (DCDFT),
» Weighted Wavelet Z-transform (WWZ) and
» Generalised Lomb-Scargle Periodogram (GLSP).
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Color change
» relative to the color change of the comparison stars,
» over time,

» with brightness change (in the R domain):

» bluer when brighter (BWB) variability,
» redder when brighter (RWB) variability.

» We determined the coefficients of linear dependence using the least squares method
and the Pearson correlation coefficient with the probability of the hypothesis of no
correlation.
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The data is fitted with:

» By linear function - 0907+336, 1345+735, 1607+604, 1722+119, 1741+597,
1811+317 and 2111+801 (V and R); 0210+515 and 0741+294 (R).

» By periodic function - 0049+003, 0907+336, 0952+338, 1034+574, 1212+467,
12424574, 1312+240, 1345+735, 1535+231, 1603+699, 1607+604, 1612+378,
1722+119, 1730+604, 1741+597 and 2111+801 (V and R); 0109+200, 0210+515,
0651+428, 0741+294, 2247+381 and 2322+396 (R); 0854+334, 1145+321,
1518+162, 1818+551 (V).
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Figure 6: Light curves of object 1722+119 (BL Lac) with a fitting function whose parameters are
determined by the DCDFT method: in the V domain (left) and R domain (right), only TJO
observations. In the lower left corner is the period value in days.



Short-term and long-term brightness and

color changes and color changes — llI

—4— 1612+378 : —4— 1612+378

16.8
)
£16.9
>
17.0
17.1
= 5167
g 01 m L 8701 N
£ 00 o s * E 00 et et ¥
>-0.1 o 0.1
E 500 1000 1500 2000 2500 < 500 1000 1500 2000 2500
JD - 2456300.0 (days) JD - 2456300.0 (days)

Figure 7: Light curves of object 1612+378 (FSRQ) with a fitting function whose parameters are
determined by the DCDFT method: in the V domain (left) and R domain (right). In the lower left
corner is the value of the period P.
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Figure 8: Color index (V — R) versus magnitude R for objects: FSRQ 0854+334 (left) and BL Lac
1811+317 (right).
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The most stable objects are:
> FSRQ - 1556+335, 1618+530, 1759+756;
> QSO - 1228+077;

> Sy - 1429+249.

The variable objects (in both domains) are:

» Bllac -0907+336,0952+338, 1034+574, 1242+574, 1312+240, 1607+604, 1722+119, 1741+597,
1811+317;

> FSRQ -0049+0083, 1212+467, 1603+699, 1612+378, 1730+604;
» Bllac/FSRQ - 1535+231;
> Sy -1345+735.

In the R domain, the variable sources are: Sy 2111+801 and BL Lac 2322+396.
A brightness increase (1811+317), STV (1034+574 and 1722+199), LTV (other objects) was detected.
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BWB variability:
» Bllac -1607+604,1722+119, 1741+697, 1811+317, 2274+381;
> FSRQ -0049+003, 1741+294, 0950+326, 1612+378;
> Sy - 1818+551, 2111+801.
RWB variability:
» FSRQ -0838+235, 0838+456, 0854+334, 1145+321, 1618+530, 1759+756;
» Bllac -0907+336, 0952+338;
» QSO -1228+077;
> Sy - 1345+735.
1722+119 - 2013-2016 RWB trend, and from 2016-2019 BWB variability.
Periodic color changes 1603+699, 1838+575, 2247+381; 1612+378; 1201+454.
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Lambert and N. J. Secrest 2024; Nathan J. Secrest 2022
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Figure 9: Dependence of color index (V — R) and VAP.
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Figure 10: Object 0652+426 with host galaxy.
AB 1-B/A A B ©

V 1.366 0.268 (6.360+0.018)" (4.656 +0.012)"” 117°51.

R 1.351 0.260 (6.588 +0.018)" (4.878+0.012)" 120°54.
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Andrei et al. 2009; Makarov et al. 2019
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Figure 11: Dependence of the optical-radio position offset and VAP.
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Objects suitable for linking ICRF and Gaia CRF:

» from ICRF3 - 0049+003, 0446+074, 0838+456, 0850+284, 0952+338, 1032+354,
1518+162, 1556+335, 1730+604, 1759+756, 1818+551, 2316+238;

» out of ICRF3 - 0741+294, 0854+334, 1228+077, 1345+735, 1810+522 - Radio
Fundamental Catalog (Petrov and Kovalev 2024).




Plans for future work

» Publish results for the period after 2019.

» Publish results for the remaining objects (35 of them).

» Investigate IDV, SED and morphology of the objects.

» Continue cooperation with Dr Z. Malkin (OCARS catalog, Pulkovo Observatories).
>

Continue observations of these and other objects that are important for connecting
the two Gaia CRF and ICRF systems.
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