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Abstract

In this paper, we describe the first multi-frequency synthesis observations of blazar 0059+581 made with the Radioastron space-
ground interferometer in conjunction with the Korean VLBI Network (KVN), Medicina and Torun ground telescopes. We
conducted these observations to assess the spaceground interferometer multi-frequency mode capability for the first time.
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1. Introduction

Very long baseline radio interferometry (VLBI) with space ra-
dio telescope launches has demonstrated the aperture filling
problem. In principle, this point is crucial for any VLBI obser-
vations related to detailed and high-quality imaging of cosmic
sources. But it is more noticeable and critical for space-ground
VLBI.

It is worthwhile to note that VLBI is moving rapidly
towards the millimeter wavelength range as a consequence of
modern astronomical problems and tasks. On Earth, long-
term observations in the millimeter range are accompanied by
difficulties associated with phase distortions introduced into
the received signal by the atmosphere of our planet leading to
a short coherent integration time.

These two key points have stimulated the development
of multi-frequency synthesis (MFS) observation and data pro-
cessing techniques. Observing in a multifrequency mode could
improve (u,v)-coverage quality. Phase transfer (FPT) and
source frequency phasereferencing (SFPR) methods could in-
crease the coherent integration time by applying solutions from
low frequencies to high frequencies (Rioja et al. 2011; Rioja &
Dodson 2011; Rioja et al. 2017; Hodgson et al. 2016; Dodson
etal. 2017).

MEFS observations can be conducted simultaneously at all
frequencies or quasi-simultaneously by switching frequencies.
The Korean VLBI Network (KVN) is an excellent example of
a simultaneous multifrequency VLBI system (Han et al. 2012;
Rioja et al. 2015; Algaba et al. 2015; Han et al. 2017; Zhao
et al. 2018, 2019; Yoo et al. 2021).

This promising multi-frequency observation mode was
taken into account during the development of the Radioastron
space observatory (Kardashev et al. 2013, 2015). It is, of
course, true that Radioastron’s regime cannot be described as a
standard or familiar as we currently envision. The Astro Space
Center has developed modern algorithms for processing such
MFS observations (Likhachev 2005; Likhachev et al. 2006,
2009).

Thus, following the launch of the Radioastron, it was
both necessary and critical to check the mode’s operability
and evaluate its capabilities. Below we summarize and dis-
cuss the results of the first such observation conducted with
Radioastron.

2. Radioastron Space Observatory

Launched on 18 July 2011, Radioastron became the largest
space radio telescope, with a 10 meter deployable parabolic
antenna. Its operation lasted 2.5 times longer than expected,
and ended in January 2019 (Kardashev et al. 2013, 2015).

The space radio telescope achieved a record angular res-
olution of 7 pas, thanks to its high elliptical near-Earth or-
bit with an apogee of 360000 km and an orbital period of
9 days. Radioastron observed in four frequency bands: 92 cm
(316-332 MHz, P-band), 18 cm (1636-1692 MHz, L-band),
6.2 cm (4804-4860 MHz, C-band), and 1.2-1.6 cm (18372—
25132 MHz, K-band).

The signal was recorded into two circular polarization
channels (left-hand or LCP and right-hand or RCP) and an IF
bandwidth of 2 X 16 MHz (upper and lower sub-bands).

© Published under Creative Commons license CC BY-SA 4.0

91


http://jkas.kas.org/
https://ui.adsabs.harvard.edu/abs/10.5303/JKAS.2023.56.1.91
http://jkas.kas.org
http://en.kas.org/
https://doi.org/10.5303/JKAS.2023.56.1.91
http://orcid.org/0000-0003-1798-9444
https://orcid.org/0000-0003-1798-9444
http://orcid.org/0000-0001-9079-0074
https://orcid.org/0000-0001-9079-0074
https://creativecommons.org/licenses/by-sa/4.0/
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Radioastron observed more than 300 radio sources with
almost all ground radio telescopes across the world. Most of
the observing time was devoted to the active galactic nuclei
(AGN) survey (Kovalev et al. 2020; Kovalev 2021a,b), among
other pulsars and galactic masers.

2.1. Onboard Multi-Frequency System

The space radio telescope had a switchable multifrequency
system for the 1.3 cm (22 GHz) band. The receiver was de-
signed to operate between 18 and 25 GHz (Andreyanov et al.
2007). Using two parallel channels with orthogonal circu-
lar polarization, it amplified, filtered, and double converted
input noise signals with a continuous spectrum and spectral
lines from the antenna irradiator into intermediate frequency
signals (interferometric output). Using the superheterodyne
method with double-frequency conversion, the receiving path
was constructed. A low noise amplifier was used to achieve
maximum sensitivity at the receiving tract’s input.

There are eleven frequency channels with identical analy-
sis bands on the receiving path. In MFS mode, the first hetero-
dyne is switched between eight frequencies with a 960 MHz
step. To ensure the “Synthesis” mode, one of the receiver chan-
nels operates with a fixed central frequency of 22236 GHz anal-
ysis bands (“Reference” channel), while in the second channel
(“Switchable” channel) the bands are switched cyclically from
a minimum of 18396 GHz to a maximum of 25116 GHz from
the internal software temporary device. The transition between
bands should not take longer than 10 seconds.

3. Observations

To test the Radioastron MFS mode, we scheduled and con-
ducted a short-term observation in 2017 with the Korean As-
tronomy and Space Science Institute (KASI) and European
observatories. As a target source, we selected 0059+581
(J0102+5824) (RA: 01"2m45%.762, DEC: +58°24'11".137,
J2000). It is a compact bright extra-galactic source with a
flat spectrum classified as a blazar with a redshift z = 0.644
(Sowards-Emmerd et al. 2005) and estimated luminosity dis-
tance of 3844 Mpc.

It has a significantly variable flux density on short and
long timescales, with signs of flare activity (Varenius et al.
2022). Several monitoring programs have observed it at ra-
dio, gamma, and optical wavelengths (Terdsranta et al. 2004;
Pyatunina et al. 2006; Paliya et al. 2021).

Observation with code RATSO1 was conducted on
14.01.2017 03:10-04:00 UTC, lasting 0.8 hours (48 minutes).
The session entailed eight 360 second scans (one scan per
frequency).

KVN antennas: Tanma (KT), Ulsan (KU), Yonsei (KY);
Medicina (MC), and Torun (TR) participated as ground sup-
port for the space radio telescope. There were two circu-
lar polarization channels (RCP and LCP) for each telescope
and two sub-bands, 16 MHz each. Observations covered fre-
quencies from 18 to 25 GHz: 18396, 19356, 20316, 21276,
22236, 23196, 24156, and 25116. Frequencies are separated

03h10m00s 04h00mO0s
RA T8 Grz[ 19 G20 Gz 21 o] - M2 [3 o [24 Gz 25 oz
KT | 22 GHz |21 GHz|22 GHz|23 GHz| 22 GHz |
Ku | 22 GHz |21 GHz|22 GHz|23 GHz|  22GHz |
KY | 22 GHz |21 GHz|22 GHz|23 GHz]  22GHz |

MC |18 GHz] 19 GHz|20 GHz| 21 GHz|22 GHz|23 GHz|24 GHz|25 GHz|

TR | 22 GHz |

Figure 1. Time and frequency scheme of the RATSO1 observation
session. Radioastron (RA); KVN: Tanma (KT), Ulsan (KU), Yonsei
(KY); Medicina, Italy (MC); Torun, Poland (TR).

by 960 MHz. Figure 1 shows the frequency setup and switch-
ing. Radioastron, KT, KU, and KY switched from 21276 to
23196 MHz, TR observed at 22236 MHz, and MC observed
from 18396 to 25116 MHz.

Ground telescopes that switched frequencies did this in
all channels. Radioastron observed in two channels: the “Ref-
erence” channel in RCP with a fixed frequency of 22236 MHz
throughout all the scans of the observation and the “Switching”
channel in LCP.

The space-ground interferometer configuration covered
baseline projections of ~0.03, 0.5, 1.1-1.5 Earth Diameters
(ED). The longest baseline corresponds to a maximum linear
angular resolution of 0.19 mas. Figure 2 shows the resulting
(u,v) coverage for all frequencies. The Radioastron observa-
tory was at its perigee at the time of observations, and thus the
space-ground baselines changed relatively quickly.

4. Data Reduction and Calibration

The raw data were collected and correlated in the Astro Space
Center data processing center by ASC Software Correlator
(Likhachev et al. 2017).

A standard algorithm for fringe search includes two cor-
relation passes (Andrianov et al. 2019). The final correlation
pass had 64 spectral channels and an integration time of 1/8 sec.
Each frequency was processed separately.

In the next step, correlated VLBI data were calibrated, in-
cluding amplitude calibration, bandpass calibration, and fringe
fitting. Bandpass calibration was performed based on the tele-
scope auto spectra. Amplitude calibration was done with ob-
servatory calibration tables. Both procedures were performed
in the AIPS software package. The Medicina telescope was
used as a reference antenna in a fringe fitting procedure by the
Astro Space Locator (ASL) package Likhachev et al. (2020)
with a solution interval of 360 seconds (six minutes) equal to
a single scan.

Using the algorithms implemented in ASL software, we
performed image synthesis in MFS mode after calibrating all
the data. The following parameters were used:

e Field of view: 0.002 x 0.002 mas with the resolution of
512 x 512 pixels;

Rudnitskiy et al.

92



The First Space-VLBI MFS

U, (Gr) U, (GL) U, (G
4.0 05 0.0 0.5 19 -0.2 -0.4 -0.6 -0.2 -0.4 -0.6
‘ ‘ , 1.2 : . —1.2 1.2 ; : 1.2
@) (b) (©
N 1.1 11.1 1.1 ~ 1.1
| =1 | -
= = Radi -Medici =
5 g 1 0 adioastron-Medicina | 1 .0 g 1 0 1 0
@ L @ © ~
g 3 E 2 E =
80 - 0¢ 509 10.9€ 50.9 098
£ . > / - -~ >
> 1~ 50'8 Radioastron-Torun 10-8 50 8 108
-1 = 1 ~
o 0.7 0.7 0.7 - {0.7
® 18396 MHz ® 19356 MHz 20316 MHz @ 21276 MHz 22236 Mk [ ] ;gggg m:z : ;gsgg x:z . ;ga;: x:z : 5;272 m:z
22236 MHz ® 23196 MHz ® 24156 MHz ® 25116 MHz r4 iz 1 z 1 iz 11 1z
- ‘ : - -2 0.6 i ‘ 0.6 0.6 i ‘ —10.6
1.0 0.5 0.0 -0.5 -1.0 -0.2 -0.4 -0.6 -0.2 -0.4 -0.6

U, (Earth Diameters)

U, (Earth Diameters)

U, (Earth Diameters)

Figure 2. (u,v) coverage of RATSO1 observation with Radioastron: (a) full (u,v) coverage with MFS; (b) magnified part of («, v) coverage
highlighted with a red rectangle on (a) (single frequency 22236 MHz), note: long track corresponds to Radioastron-Torun baseline, short track
corresponds to Radioastron-Medicina baseline; (c) magnified part of (u, v) coverage highlighted with a red rectangle on (a) with MFS.

e Uniform weighting;

e Beam regularization was used to improve the image: be-
cause of the loose (u, v)-coverage there were significant
sidelobes;

e The gridding procedure used a Gaussian kernel function
with a full width at half magnitude FWHM = 1.5 of single
cell width;

e Applied Gaussian tapering function;

o CLEAN method operated till the first negative component
(~50 clean iterations);

e Central frequency for the image was set to F, =
22220.25 MHz.

This approach is primarily explained by the rather loose
(u,v) coverage.

5. Results

We obtained an image of 0059+581 with a 0.41 x 0.25 mas
resolution (Figure 3 (left)). Due to the low dynamic range and
the lack of (u,v)-coverage, the image does not demonstrate
any details identified with a jet, as, for example, in the MO-
JAVE catalog1 (Lister et al. 2021) or, for example, the data-sets
discussed in Pyatunina et al. (2006).

Therefore, the image corresponds to the central core com-
ponent (see Figure 3 (left)).

Integrated flux density and peak flux density were mea-
sured at 2.71 and 2.65 Jy/beam, respectively. The brightness
temperature can be estimated using all the above values:

Ty = 1.36L1 1)

maj Omin
where Ty, is the brightness temperature (K), 4 = 1.36 cm —
observing wavelength, 6, = 0.19 X 1073 as — Gaussian
major axis, Opin = 0.11 X 1073 as — Gaussian minor axis, and
I = 2.65x10% mJy/beam — peak flux density. The lower limit

1ht‘cps ://www.cv.nrao.edu/MOJAVE/

for the brightness temperature was calculated using a minimum
resolvable size of Gaussian 6y, = 0.19 mas, 6yin = 0.11 mas.
We obtained a limit of Ty ;im > 3.2 X 10'! K. Referring to
earlier measurements, for example, in Kovalev et al. (2005),
where for 0059+581 the estimated core flux density at 15 GHz
VLBA observations is 3.12 Jy with a resolution of 0.5 mas
in the east-west direction and 0.6—1.3 mas in the north-south
direction, the brightness temperature with a lower estimate
T, > 1.22 x 102 K with estimated 6,y = 0.13 mas and
Omin = 0.11 mas. Most complete VLBA survey observations
of 0059+581 at 15 GHz having 29 epochs demonstrated the
minimum, medium, and maximum values of the brightness
temperature to be as follows: Ty min = 2.1 X 10'1 K, To.med =
1.9 x 1012 K and To max = 6.6 X 1012 K correspondingly, the
last session conducted in July 2013 yielded peak flux density
of 2.5Jy, Ty, = 1.1 x 10'> K (Homan et al. 2021).

The algorithms described in Likhachev (2005),
Likhachev et al. (2006, 2009) and implemented in the Astro
Space Locator VLBI data processing software package made
it possible to obtain a spectral index map for the 18-25 GHz
band (see Figure 3 (right)). The resulting spectral index map
and spectral energy distribution shown in Figure 4 give an
estimate of the spectral index « from S, o< v~ for our obser-
vations @ = —0.282 + 0.034. This coincides with the results
obtained earlier in Pyatunina et al. (2006); Fan et al. (2010);
Hovatta et al. (2014). Accordingly, 00594581 has noticeable
variability, and the spectral index can also vary significantly
based on the observation epoch. For example, in Pyatunina
et al. (2006) two epochs of observations in a range from 0.8 to
1.6 GHz T = 2000.38 years and T = 2001.65 years gave for
the core component values of the spectral index @ = —1.14 and
a = —0.24 correspondingly. According to the suggested ex-
planation for spectral index variability, the decrease in optical
depth of the source is related to an increase in core trans-
parency. At the same time, later published results by Fan et al.
(2010) include a wider data span from 1994 to 1999 providing
an average spectral index for the core component @ = —0.285
stating that for most flat spectrum radio quasars their spectral
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Figure 3. Synthesized image of 0059+581 (left) and spectral index distribution for 22200.2 MHz (right). Image center at RA: 01h02m458 8,

DEC: 58°24/11”’.1, beam size: 0.41 x 0.25 mas at 81.87°.
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Figure 4. Spectral energy distribution measured by Radioastron
space-Earth VLBI for 18-25 GHz frequency range in full log scale.

indexes could lie and vary in the range from —1.0to 1.0. Recent
work Liu et al. (2018) showed the results of Effelsberg moni-
toring of a sample of RadioAstron blazars in terms of intra-day
variability (IDV). The observations took an epoch with a total
duration of 62 hrs, where the spectral index was measured for
00594581 as @ = —0.06 and the peak flux density 3.52 Jy.
Using the Radioastron-Medicina baseline, we analyzed
the correlated flux in frequency bands 18-25 GHz. Figure 5
shows that the flux distribution falls off with the increasing
frequency, proving the performance and sensitivity of the Ra-
dioastron K-band receiver (see Figure 3 and Table 3 in Kovalev
et al. (2014)). According to this work, the sensitivity of the
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Figure 5. Correlated flux in mJy depending on the frequency range
for RA-MC baseline.

space-ground interferometer in five sub-bands at wavelengths
from 1.35to 1.7 cm (18-22 GHz) can be up to 1.5 times higher,
and in the following three sub-bands from 1.35 to 1.2 cm (22—
25 GHz) up to 1.5 times lower than at 22 GHz. In our case,
the decrease in correlated flux at 25 GHz compared to 18 GHz
is almost two-fold. However, in the same work Kovalev et al.
(2014), the sensitivity estimation errors for a 1.35 cm receiver
are about 20-25%. According to our observations in 2017,
the receiver’s performance, measured in 2011-2013, is within
acceptable limits.
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6. Conclusions

We conducted the first space-ground VLBI MFS observations
with Radioastron. It was the first time the space radio telescope
used the “Reference” and “Switchable” channels. The data
were processed with MFS algorithms implemented in the ASL
Software package.

While the session was short, an image of the core compo-
nent was obtained at central frequency 22220.5 MHz. This im-
age had a beam resolution of 0.41 x 0.25 mas. Measured peak
and integral flux density amounted to 2.65 Jy/beam and 2.71 Jy,
respectively, and we estimated the lower limit for brightness
temperature to be Ty pin > 3.2 X 10'! K. The algorithms for
MEFS data processing made it possible to obtain information
about the spectral index for 0059+581: @ = —0.282 + 0.034.

In addition, a secondary task was to evaluate the sensitiv-
ity and efficiency of the 1.35 cm receiver in a wide range of
18-25 GHz, which, taking into account measurement errors
and previous estimates, confirms a significant drop in sensitiv-
ity in the higher-frequency (22-25 GHz) part of the receiver’s
operating bandwidth, and at the same time indicates a relatively
stable state of the receiver compared between 2011-2013 and
2017.

All these results turned out to be quite reasonable, and we
can conclude that such a regime of Radioastron observations
validated its feasibility and operability, but also revealed its
advantages and disadvantages, which is an essential part of the
conclusion from the mission results. A mode like this would
allow one to measure a number of parameters, for example,
of AGN, in a relatively short time. It would also improve
(u,v)-coverage, and calibrate phase using “Reference” and
“Switching” channels. The main drawback was the lack of
ground telescopes compatible with such a mode. No telescope
on Earth could observe both the ‘“Reference” and “Switching”
channels in the same way as Radioastron. As aresult, the phase
calibration could not be profiled based on the “Reference”
channel. The frequency switching mode was the only fully
tested mode.

All of this leads to an important conclusion. Both on
Earth and in space, VLBI is developing rapidly towards mil-
limeter wavelengths. There are acute issues of improving
(u,v)-coverage, which is especially critical for space-space
and space-ground VLBI and phase calibration at higher fre-
quencies. And in this case, MFS observations and data reduc-
tion technology can certainly solve both problems at the same
time. The operating range of the 1.35 cm receiver was already
relatively narrow at the time of Radioastron’s launch for real
improvement of the (u,v)-coverage. This is due to the fact
that this range of switched frequencies within the (u, v) plane
scales gives an advantage that is much smaller than the gaps,
which are largely caused by the Radioastron high elliptical or-
bit configuration. However, the experience of Radioastron’s
observations presented in this article cannot be called in vain.
Obviously, it demonstrates that MFS itself could increase the
potential of VLBI observations and improve (u, v)-coverage
(e.g., Likhachev et al. 2020).

Thus, taking into account modern realities, simultane-

ous observation in several bands will certainly become a
full-fledged MFS, as in KVN, for example. This experi-
ence should be considered when planning any future VLBI
mission, whether it is space-space, space-ground or ground-
based. Studies in this area are already underway, as part of
the extended-KVN and ngEHT projects, as well as the devel-
opment of the Millimetron space observatory (Dodson et al.
2016; Raymond et al. 2021; Likhachev et al. 2022; Rudnitskiy
et al. 2022).
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