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ABSTRACT

Relatively little information is available about the Universe at ultra-low radio frequencies (ULF; i.e., below 50 MHz), although the ULF
spectral window contains a wealth of unique diagnostics for studying galactic and extragalactic phenomena. Subarcsecond resolution
imaging at these frequencies is extremely difficult, due to the long baselines (>1000 km) required and large ionospheric perturbations.
We have conducted a pilot project to investigate the ULF performance and potential of the International LOFAR Telescope (ILT), a
trans-European interferometric array with baselines up to ~2000 km and observing frequencies down to 10 MHz. We have success-
fully produced images with subarcsecond resolution for six radio sources at frequencies down to 30 MHz. This resolution is more
than an order of magnitude better than pre-ILT observations at similar frequencies. The six targets that we imaged (3C 196, 3C 225,
3C273, 3C295, 3C 298, and 3C 380) are bright radio sources with compact structures. By comparing our data of 3C 196 and 3C 273
with observations at higher frequencies, we investigate their spatially resolved radio spectral properties. Our success shows that at
frequencies down to 30 MHz, subarcsecond imaging with the ILT is possible. Further analysis is needed to determine the feasibility of
observations of fainter sources or sources with less compact emission.

Key words. radio continuum: galaxies — galaxies: jets — galaxies: active — techniques: interferometric

1. Introduction

Radio observations at decameter wavelengths (ultra-low fre-
quencies, ULF', <50 MHz) were among the first observations
done in the history of radio astronomy. However, at decameter
wavelengths the sky has not been explored to the same depths
as at gigahertz frequencies. Interferometric observations at ULF
are challenging for several reasons. First and most important, the
ionosphere plays a major role in corrupting astronomical signals
at ULF (e.g., Intema et al. 2009; Thompson et al. 1986; Slee
& Wraith 1967). Second, longer physical baselines are required
to achieve arcsecond resolution at ULF compared to higher
frequencies.

Slee & Wraith (1967) showed that fringes could be obtained
at 38 MHz over a 120 km baseline, indicating that high-
resolution ULF observations are, in principle, feasible. More
recently, the Ukrainian Radio Interferometer (URAN) has found

' Our usage of ULF deviates from the ITU convention. The frequency

range used in this paper falls in the VHF (very high-frequency) band,
but we have chosen to use ULF to differentiate from regular low
frequencies observed with LOFAR.

Article published by EDP Sciences

fringes over baselines of ~900 km at 25 MHz (Vashchishin et al.
2016; Megn et al. 2006). However, neither of these interferome-
ters have sufficient uv-coverage and sensitivity for ULF imaging
to be attempted. The International LOFAR Telescope (ILT) has
baselines as long as ~2000 km (van Haarlem et al. 2013), which
results in an unprecedented spatial resolution of ~0.6 arcsec-
onds at a frequency of 50 MHz. This is comparable to typical
resolutions achieved by GHz frequency instruments, and allows
spatially resolved spectral index analysis.

Achieving high resolutions at low frequencies is important
and could be transformational because of the unique diagnostic
tools that the ULF provides for studying emission and absorp-
tion processes in galactic and extragalactic objects. One reason
is that absorption processes (such as synchrotron self-absorption,
a cutoff in low-energy electrons, and free-free absorption) in
radio galaxies (e.g., Cygnus A, McKean et al. 2016) or star-
forming galaxies (Varenius et al. 2015) are more readily traced
at low frequencies (Callingham et al. 2017). Low-frequency
observations provide a large lever arm in frequency space to
sample the optically thick part of the spectrum, which is key
to differentiating between competing absorption mechanisms
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Table 1. Sources observed, sorted by right ascension.

Source name RA (J2000) Dec (J2000) S714 (Jy) Hosttype Largest angular size (arcsec)
3C 196 08:13:36.22  +48:13:02.5 130.8 QW 10®
3C225 09:42:15.30 +13:45:49.3 32.5 R® 6
3C273 12:29:05.89  +02:02:55.7 161.7 Q® 22©
3C295 14:11:20.24  +52:12:06.6 128.9 RM® 47D
3C298 14:19:08.30 +06:28:33.9 95.27 Q¥ 1.5®
3C380 18:29:32.49  +48:44:57.5 124.7 QW 20

Notes. Coordinates and 74 MHz flux densities were obtained from the VLA Low-Frequency Sky Survey Redux (Lane et al. 2014). The galaxy host
types are from Laing et al. (1983) (1), where Q refers to a spectroscopically confirmed quasar and R to a non-quasar galaxy; Schmidt (1963) (2)
and Rubin & Ford (1966) (3). The largest angular sizes are from Reid et al. (1995) at 966 MHz (4), Jenkins et al. (1977) at 5 GHz (5), Perley &
Meisenheimer (2017) at 1.37 GHz (6), Akujor et al. (1994) at 1.6 GHz (7), and Akujor & Garrington (1995) at 1.6 GHz (8).

(Callingham et al. 2015). Another reason is that synchrotron
aging, which causes steep spectra at high frequencies, means
that some sources or components of sources may be observable
only at low frequencies. Examples of such sources include fossil
plasma in clusters and aged electrons from old AGN outbursts
(Harwood et al. 2013, 2015). In addition, observing at low fre-
quencies allows access to lower rest frequencies for redshifted
objects, which is critical for detecting synchrotron aging or
absorption processes in objects at higher redshifts. Another class
of objects of potential interest are those with an intrinsic cut-
off in their spectra. For example, the Jupiter—Io system can only
be seen below 40 MHz (Zarka 1998), and it has been predicted
that some stars and exoplanets are only visible at low frequen-
cies (Vedantham et al. 2020; Callingham et al. 2021). Finally, at
ULF, radiation mechanisms such as plasma oscillations produce
coherent radiation. Therefore, ULF observations with the ILT
could potentially reveal and study hitherto undetected classes of
objects not visible at higher frequencies.

The ILT is particularly suited for high-resolution imaging
at low frequencies because of the large number of long base-
lines providing substantial baseline coverage at low frequencies.
Previously, only two targets have been successfully imaged with
the large uv-coverage of the ILT at frequencies below 100 MHz.
The target 3C 196 was imaged over the frequency range of
30-80 MHz (Wucknitz 2010) with an early incomplete ILT
array, and 4C43.15 was imaged between frequencies of 47 and
63 MHz (Morabito et al. 2016). Since then, the ILT has been
expanded with additional European stations, resulting in further
improvements in sensitivity. Furthermore, the increased num-
ber of international stations and recent advances in software
for imaging, calibration, and radio frequency interference (RFI)
excision with the ILT can help overcome some of the challenges
of high-resolution ULF imaging.

In this paper, we describe a pilot project to perform high-
resolution ULF imaging of six bright compact radio sources
(3C 196, 3C 225, 3C 273, 3C 295, 3C 298, and 3C 380) with the
Low Band Antenna (LBA) of the International LOFAR Tele-
scope (van Haarlem et al. 2013). We compared images of 3C 196
and 3C 273 with Very Large Array (VLA) observations at higher
frequencies, where available, in order to construct spectral index
maps with arcsecond resolution. The outline of this paper is as
follows. In Sect. 2 we describe the observations and data reduc-
tion. The results are presented in Sect. 3. This is followed by a
discussion of the future prospects and conclusions in Sects. 4
and 5. Throughout the paper we adopt a A CDM cosmology
(Planck Collaboration VI 2020), with Hy=67.4kms™' Mpc~!
and Qj,; = 0.315. We define our spectral index @ as S ~ v“.
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2. Observations and data reduction
2.1. LOFAR data processing

The six targets observed (3C 196, 3C225, 3C273, 3C295,
3C298, and 3C380; see Table 1) were selected because of
their bright, compact emission, which is optimal for calibrat-
ing the longest baselines. Five targets (3C 196, 3C 225, 3C 273,
3C 295, and 3C298) were observed with the ILT between 12
February and 25 April 2020 for project LC13_017. The five tar-
gets were observed with the LBA and used all 13 international
stations available at the time. The LBA_OUTER configuration was
employed, which selects the outer 48 of 96 antennas in each
Dutch station. Each target was observed for 8 h, except for
3C273, which was observed for only 4h due to its low decli-
nation. Data were recorded in the range 10-80 MHz. The data at
frequencies below 25 MHz and above 79 MHz were discarded
due to the lower bandpass response of the stations. For each
source, half the bandwidth in alternating sub-bands was used to
simultaneously observe 3C 196 as a calibrator source. The cal-
ibrator source was not used throughout the data reduction and
was therefore discarded.

3C 380 was observed with the ILT in project LC15_024 on
17 and 18 December 2020, in two separate 4 h observing blocks.
For this observation we used only 12 out of the 13 available inter-
national stations as the station in Nancay (FR606LBA) was not
functioning properly. We used the LBA_OUTER dipole selection,
but with a different frequency setup: all sub-bands between 22
and 69 MHz were recorded.

Before calibrating the data, the signals from the bright off-
axis sources Cassiopeia A and Cygnus A were subtracted by
demixing the data (van der Tol et al. 2007; de Gasperin et al.
2020). In addition, RFI was flagged with AOflagger (Offringa
2010; Offringa et al. 2012) and the data were compressed with
the Dysco software (Offringa 2016).

Calibration was performed in three steps. The first calibra-
tion step consisted of extracting the instrumental effects of the
LOFAR stations using data from 3C 196, our calibrator. We used
a high-resolution model of 3C 196 (Offringa, priv. comm.) and
the flux density scale of Scaife & Heald (2012). The bandpass
responses, and instrumental delays between the XX and YY cor-
relations were extracted using prefactor? (de Gasperin et al.
2019; van Weeren et al. 2016; Williams et al. 2016), DPPP? (van
Diepen et al. 2018), and LoSoTo* (de Gasperin et al. 2019).

2 https://github.com/lofar-astron/prefactor
3 https://github.com/lofar-astron/DP3
4 https://github.com/revoltek/losoto
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Table 2. Fluxes measured with LOFAR LBA of each source.

3C196 3C225 3C273
v(MHz) S (y) v (MHz) S dy) v(MHz) S (Jy)
2738 18748 2939  474=21 2939  327+89
3949  166+44 3949 45121 3949  216+67
49-59 15241 49-58 41420 49-58 186 + 61
59-69 14139 58-68  47.8+21 58-68  175+59
69-79 13036 68-78  384=19 68-78  180+60

3C295 3C298 3C380
v (MHz) S (y) y (MHz) S (y) v(MHz) S (y)
2535  932=x24 2939 75+ 21 2435  222+64
35-46 115+ 28 3949  80.1+22 37-45 183 +56
46-56 125 +30 49-58 100 + 26 46-54  169+54
56-67 13232 58-68 111 +28 54-62 161 + 52
67-78 120 + 29 68-78 103 26 62-71 143 £48

Notes. These fluxes correspond to the filled diamonds in Fig. 1.

The corrections that prefactor determines are the bandpass
response, and the instrumental delay between the XX and YY
correlations (for more details on the polarization alignment
calibration, see de Gasperin et al. 2019). The derived correc-
tions were applied to all six observed sources, including the
calibrator.

In the next step, we transformed the data from a linear basis
to a circular basis for each source. The reason for this is that
perturbations caused by Faraday rotation are represented by only
on-diagonal phase terms in a circular basis, which in turn means
that we only need to calibrate on-diagonal terms (Smirnov 2011).

Next, we established gain corrections for the core stations
by calibrating the Dutch baselines against a simple model from
prefactor, using DPPP. If a prefactor model was not avail-
able, we used a model extracted from Perley & Meisenheimer
(2017) (for 3C273) or a self-made model (for 3C225 and
3C298). We corrected the phases of the core stations with
these phase solutions and subsequently combined the data from
the core stations into one superstation, reducing the radius
of the field of view to ~9arcmin at 50 MHz and increas-
ing the signal-to-noise ratio of the baselines connecting to the
core.

Finally, we self-calibrated the data in order to improve the
quality of the image. In each self-calibration iteration, we cali-
brated the data against a model, and imaged the data to solve for
both clock drift and ionospheric effects simultaneously, similarly
to the approach used in the LOFAR LBA Sky Survey (LoLSS,
de Gasperin et al. 2021). The data was divided into time and
frequency bins. The widths of these bins were determined such
that at the lowest frequencies, where the dispersive effects of the
ionosphere are the strongest, the differences in phase solution do
not exceed 1 radian between two adjacent bins. Calibration was
done using DPPP, and imaging with WSClean (Offringa et al.
2014; Offringa & Smirnov 2017). This produces images with a
beam size between 0.42 arcsecond and 1.1 arcsecond, depend-
ing on the declination of the target. After the initial imaging the
resulting model was used as starting model for the next calibra-
tion cycle. During the first three cycles of self-calibration, we
restricted the calibration to phase-only solutions, which prevents
DPPP from diverging. Subsequently, we allowed the complex
gains (amplitude and phases) to be calibrated after applying the
phase-only calibration. After three cycles of amplitude and phase
calibration, the calibration results were stabilized and subsequent

calibration cycles did not show an appreciable improvement in
the final image.

For all imaging, we used Briggs weighting with a robust-
ness parameter of —1.5 and a uv-cut of 500 A (corresponding to
2.5km at 60 MHz). Cleaning was restricted to regions that were
at least S0~ above the noise (automasking). Manual masks did not
significantly improve the quality of the final image, so we relied
on applying automasking. After imaging, the cleaned model was
clipped to remove negative emission (during amplitude+phase
calibration).

We checked the flux density scale by making images solely
with the Dutch LOFAR baselines for which the sources are unre-
solved. This also avoids potential issues with phase decorrelation
from imperfect phase calibration on the international baselines.
Phase decorrelation will lead to loss of flux density, especially
on long baselines at low frequencies, due to the very rapid iono-
spheric phase variations as a function of frequency and time.
For this reason we also do not give any absolute flux measure-
ments below 30 MHz. The measured flux densities are presented
in Table 2 and Fig. 1, along with flux densities from other cat-
alogs mentioned in Table 3. For 3C 196, 3C 295, and 3C 380
we show the flux density models from Scaife & Heald (2012)
as solid lines. Our measured flux densities are in good agree-
ment with Scaife & Heald for these three sources, demonstrating
that during our self-calibration the flux density scale is well pre-
served. For the other sources, we plot the models fitted to the
flux densities extracted from the catalogs listed in Table 3. For
3C 225 we fit a power-law model, and for 3C 298 a second-order
polynomial in log-log space. The fit for 3C 273 is described in
Sect. 3.3. Comparing the LOFAR flux densities to those in the
catalogs we again find consistent results. Based on these com-
parisons, and the more detailed analysis carried out on LBA data
by de Gasperin et al. (2021), we adopt a conservative absolute
flux density scale uncertainty of 20%.

Our initial self-calibration models were simplistic and poorly
represented the actual structure. In addition, positions are not
preserved under self-calibration. For these reasons the astromet-
ric accuracy of our images could be compromised. We verified
the astrometric accuracy by overlaying the optical host positions
and by comparing them to higher frequency maps from the VLA.
For three sources, 3C 273, 3C 225, and 3C 298, we found that a
position shift of a few arcseconds was required to properly align
the LBA maps.
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Fig. 1. Low-frequency spectra for our targets. The low-frequency flux
densities were measured using the Dutch LOFAR array (see also
Table 2). The filled diamonds represent LOFAR flux densities, and the
crosses represent data extracted from the catalogs listed in Table 3. For
3C 196, 3C295, and 3C 380 the black solid line shows the flux scale
model of Scaife & Heald (2012). For 3C 273 the fitting result of the blue
line (total flux) of Fig. 7 is shown, with the functional form of Eq. (2).
The differences between the flux densities and the fit (residuals) are
approximated by a Gaussian distribution, and the standard deviations of
these residuals are given for each target in the figure. The error bars on
the LOFAR data consist of 20% of the flux density added to the stan-
dard deviation of the residuals. The uncertainties of the other data points
were extracted from the literature.

2.2. VLA data of 3C 196 and 3C 273

For 3C 196, we used additional VLA S-band data (frequency
range 1.93-3.14 GHz), recorded on 12 December 2016 with
project code TCALOOO1, to generate a spectral index map.
The data were reduced using CASA. The data were Hanning
smoothed, before the shadowed antennas were flagged, gain ele-
vation curves applied, and antenna positions corrected. The RFI
was excised using AOflagger (Offringa 2010; Offringa et al.
2012). Using the bandpass calibrator 3C 286, the initial complex
gain solutions and the delays were computed, and the bandpass
calibration solutions were determined. The flux scale used was
obtained from Perley & Butler (2017). This flux scale is accu-
rate from 50 MHz to 50 GHz, and is different from the Scaife &
Heald (2012) flux scale used in the LOFAR data calibration. At a
frequency of 73.8 MHz the Perley-Butler flux density of 3C 196
is 98.1% of the Scaife-Heald flux density scale, and at 50 MHz
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Table 3. Catalogs used in Fig. 1 to retrieve the flux densities of the
sources.

Name Frequ(fl:\r/}ﬂ;:; Reference
3CR 10-1400 Laing & Peacock (1980)

38 Kellermann et al. (1969)
DRAO 22 Roger et al. (1986)
VLSSR 74 Lane et al. (2014)
GLEAM 76-227 Hurley-Walker et al. (2017)
AARTFAAC 60 Kuiack et al. (2019)
GMRT 150 Intema et al. (2017)
7C 151 Hales et al. (2007)
WENSS 330 de Bruyn et al. (2000)
NVSS 1400 Condon et al. (1998)

Notes. The flux densities extracted from these catalogs were corrected
to be on the same flux scale as those in Scaife & Heald (2012).

the Perley—Butler flux density is 103% of the Scaife-Heald flux
density scale. This offset is lower than the total flux density error
of the LOFAR images. This translates to an error of 0.84% on
the integrated spectral index of 3C 196. In addition, this error
only impacts the spectral index of the integrated spectra of the
sources, and not the relative spectral indices in resolved maps.

After applying the previous calibration solutions, we re-
computed the complex gain solutions using the phase calibrator
JO808+4950, and we applied the final complex gain solution. The
result is imaged with tclean. We applied four cycles of addi-
tional self-calibration to refine the calibration solutions, and the
final result is shown in Fig. 2.

For 3C273, we used the images provided in Perley &
Meisenheimer (2017). A 3.9 GHz C-band image is reproduced
in Fig. 2.

3. Results

For all six of our sources, we successfully produced a subarcsec-
ond resolution image, achieving a dynamic range of at least 140
for the full bandwidth and a dynamic range of at least 70 between
30 and 40 MHz. The full bandwidth images are shown in Fig. 3,
with images between 30 and 40 MHz in Fig. 4. In the following
we describe the results for these sources individually.

3.1. 3C 196

3C 196 is associated with an 18th magnitude quasar (Véron-
Cetty & Véron 2010) at a redshift of 0.871 (Spinrad et al. 1985).
Radio images at 408 MHz in Lonsdale & Morison (1980) show
a four-component structure, with two bright and two fainter
lobes. The faint east-west oriented lobes have a steep spectrum,
suggesting that these lobes are produced by a relatively old pop-
ulation of electrons and that the source jet axis may have rotated
during the last 20 kiloyears (Lonsdale & Morison 1980). Addi-
tionally, the existence of a gap between the components suggests
that during the jet precession, a period of low AGN activity
separated two epochs of high activity. Such a structure is also
known as a “winged” or X-shaped radio source (Leahy & Parma
1992). A similar structure can be obtained when assuming that
the eastern and western lobes are caused by backflows from the
northern and southern lobes, respectively, where the jet mate-
rial deposited in the hotspots flows back in another direction



C. Groeneveld et al.: Sub-arcsecond resolution ILT images down to 30 MHz

48°13'15" 1.5
3C 196 - VLA S-band 13
10" 1
5 075 T
S 05" £
I » ©
= 0.5 2
S + >
5 :
c 00" 2
S - 025
a g
£
12'55"
o = 0.28 mJy/beam 30 kpc
O 0.69"x0.54"
50"
8M"13M37.0° 36.5° 36.0° 35.5° 35.0% 0.0025

Right Ascension (J2000)

10
3C 273 - VLA C-band 63
2°03'10" 6.7
d
— T
g * 2
S 05" g
= 3.3 2
s 3
© 00" ;
£ 1.7 &
o c
o 9]
e =
02'55"
o = 0.62 mJy/beam 30 kpc
50v] © 0.5"X0.5"
12"29M07.0° 06.5° 06.0° 05.5% 0.0056

Right Ascension (J2000)

Fig. 2. VLA images of 3C 196 and 3C 273. Left: 2.5 GHz VLA S-band image of 3C 196 obtained from project TCALO0O1. Right: 4.9 GHz image of
3C 273, reproduced from Perley & Meisenheimer (2017). The cross indicates the optical counterpart, obtained from Gaia EDR3 (Gaia Collaboration
2021). The brightness scale starts at the 90~ noise level (0,), Which is also indicated by the single solid contour.

30

16 9 3C 273 - LOFAR
3C 196 - LOFAR 14 3C 225 - LOFAR 24
12 7.3 2°03'10"
48°13'10" 10 1304555 + 18
~ s T = 554 3 I
3 z 8 g8 E
o o ©
S 05! » 6 E S ‘ 38 E % 12 g
§ + R * R 3
2 41 = 2 50 T ®© >
£ 00 » ‘; 2 . g % 622
g § 8 258 g
[=] 21 2 0 =1 €
E £ 02'55" £
12'55"
o = 7.8 mly/beam 30 kpc 43" o0 =58 mJy/beam 30 kpe 0 = 33 mjy/beam 30 kpe
0 0.63"x0.44" e 0 1.1"x0.42" 50"1 0 1.1"x0.48"
813737.0° 365 360°  355°  35.0° 0.07 a2tIsE 156 154° 1520 15.0° 0.29 12M29707.0° 065° 06.0° 055° 0.3
Right Ascension (J2000) Right Ascension (J2000) Right Ascension (J2000)
7 3C 298 - LOFAR 2 10
3C 295:- LOFAR B 22 - 3C 380 - LOFAR
6°28'30" 48°44'55
52°12'15" 5.6 19 a1
43 . _ 16 4 6.1
P T o _ " T
(=3 o = (=3 50
1) = o . 13E o =
S £ & 36 T o £
It 298 2 g g 42 8
10" S
5 s s + Hnz s . 5
2 ] > 2 45 >
© > c 2 © >
£ ‘ g = 778 £ 2
S 15 2 g N : © 23 ¢
: g8 2 d
05+ 4.8 40
o = 17 mjy/beain 30 koc 0 = 2.2e+02 mjy/beam 30 kpe 0 = 38 miy/beam 0 kac
Q 0.64"x0.43" R St 30" O 1.0"x0.44" Q 1.2"x0.58" _ ok
14M1721.0° 0.15 14719708.4° 08.2° 08.0° 19 0.34

20,5
Right Ascension (J2000)

20.0°

Right Ascension (J2000)

18M20732.5°  32.0° 315°
Right Ascension (J2000)

31.0°

Fig. 3. Images of the six 3C sources, observed in the range 30-80 MHz. The beam sizes are indicated in the bottom left corner. The optical
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(for more details, see, e.g., Antonuccio-Delogu & Silk 2010).
Wucknitz (2010) imaged this source between 30 and 80 MHz
with long baselines, although the full ILT was not available at
that time (only the Dutch and German stations were available),
which limited sensitivity and resolution.

The 8-h ILT LBA observation of 3C 196 results in an
image with 0.65 arcsecond resolution and a RMS noise of
8 mJy beam™!. For this source we also show a spectral index map
in Fig. 5, combining the LOFAR LBA image with the VLA S-
band at 2500 MHz. The result shows that the two brighter lobes
have a synchrotron spectrum with a spectral index of ~-0.7,
while the two fainter lobes have a steeper spectral index of —0.85
to —1.15. The core is not visible at LBA frequencies, due to its

relatively flat spectrum. The ULF observations also reveal that
the source is embedded in a region of diffuse steep-spectrum
emission. This may be due to aged relativistic plasma produced
in previous episodes of AGN activity.

3.2.3C225

3C225B° is an FR II-type double radio galaxy. Previously
this source sparked interest due to the lack of a bright optical
counterpart, despite the compact nature of the radio emission

5 3C225 has an A and B component. The brightest part (B) is usually
referred to as 3C 225 in literature. We use 3C 225 to refer to 3C 225B,
unless explicitly stated otherwise.
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Fig. 4. Images of the six targets, observed in the 30-40 MHz ULF range. The flux scales were set with Dutch LOFAR. These images are similar to
Fig. 3, but limited to frequencies below 40 MHz. The quality of the images is lower than the full broadband images, but they reveal the structure at
low frequencies. The images have more than an order of magnitude higher resolution than pre-ILT images at ULF.

(MacDonald & Kenderdine 1967). It has a redshift of 0.580
(Spinrad et al. 1985). The flux density of this source is a factor
of ~3 lower than the other sources, (see Table 1), which makes
this source a good proving ground for ULF imaging of relatively
faint objects with the ILT.

Our observations, which reach a resolution of 1.1 arcseconds
and a RMS noise of 58 mJy beam™', show that the low-frequency
structure roughly resembles that seen at 5 GHz (Giovannini et al.
1988), with two lobes separated by ~5”. The fainter compo-
nent is about half as bright as the bright lobe and has a slightly
extended feature, which is absent from the brighter lobe. The
usual explanation for the difference in brightness is the inclina-
tion of the jet with our line of sight, which causes significant
Doppler beaming of the bright jet in our direction (e.g., Barthel
1989). In turn, the counter-jet would be beamed with a sim-
ilar Doppler boosting factor S, causing it to be fainter by a
factor

F=

1 + Bcos(6) r_“ 0

1 — B cos(6)

where 6 is the inclination with respect to the line of sight and &
the intrinsic radio spectral index, which we assume to be ~—0.83.
Using Eq. (1), we find an estimate of S cos(6) = 0.124. Because
there is no published estimate of either 8 nor 6, we are unable to
provide any further constraints on either parameter.

3.3.3C273

3C 273 is the closest bright quasar (Hazard et al. 1963; Schmidt
1963), with a redshift of z=0.158 (Strauss et al. 1992). 3C 273
is radio-loud, variable, and relatively bright, which makes this
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object one of the most intensively studied quasars (Courvoisier
1998). The source consists of two main parts: the core and
an extended jet. The core shows strong brightness changes on
timescales of ~10 yr in the UV, radio, and optical regimes
(Hughes et al. 1992). Due to its large physical size, the jet
does not show this time-dependent brightness change. The radio
spectrum of the jet is relatively steep (~—0.8), and the jet is
brighter than the core at frequencies below 300 MHz (Perley &
Meisenheimer 2017).

Our image of 3C273 is a significant improvement in spa-
tial resolution over previous images at low frequencies (e.g.,
compared to Perley & Meisenheimer 2017, which reached 4 arc-
second resolution at 328 MHz). We obtain a resolution of
1.1 arcsec with a RMS noise of 33 mJy beam™'. Our result
reveals the substructure of the radio jet, and in turn allows us
to constrain the physical parameters of this object. The spectral
index map in Fig. 5 shows that the core has an inverted spectrum,
while the jet has a typical spectral index of about —0.8, consistent
with the findings of Perley & Meisenheimer (2017). In addition,
Fig. 6 shows that the jet has two regions where the spectral index
flattens (regions 1 and 3 in Fig. 6). This supports the hypothesis
that the knotty structure is caused by internal shocks, where par-
ticles are (re-)accelerated, rather than beaming by the potential
helical structure of the jet (Mooney et al. 2018; Harwood et al.
2022). There is another region of slight flattening of the jet spec-
trum, near C1 and C2 in Jester et al. (2007) and corresponding
with region 4 in Fig. 6. The substructure in the jet could also
indicate previous cycles of AGN activity.

In Fig. 7, we show separately the total flux from the core
(3C273B) and from the jet (3C 273 A). Separate functions were
fitted to the core and the jet, a first-order model to the jet, and a
second-order polynomial model to the core. At 150 MHz the jet
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Fig. 5. Spectral index maps and spectral index error maps of 3C 196 and 3C 273. Left: Spectral index maps of 3C 273 and 3C 196, between LBA
and VLA C-band and VLA S -band, respectively. For each image the VLA and LBA images are convolved to a matching circular beam. Contours
correspond to LOFAR LBA fluxes, at 200, 500, 1000, and 5000, with o =0.062Jy for 3C 273 and 0 =0.011Jy for 3C 196. These noise levels
are different from the noise levels in Fig. 3, due to the beam being smoothed to a circular beam in order to match the VLA resolution. Data from
Perley & Meisenheimer (2017) were used for 3C 273, and publicly available VLA data from project TCALOOO1 for 3C 196, along with the LBA
data presented in this paper. Right: Spectral index error maps of 3C 273 and 3C 196. The errors are made under the assumption that the LOFAR
fluxes have a total error consisting of the RMS noise + 20% flux error. Similarly, this assumes that the VLA fluxes have a total error consisting of
the RMS noise + 2.5% flux error. The error caused by the relative flux error on the VLA and LOFAR fluxes is independent of the position (i.e.,
irrelevant for comparing two regions of the same source). This error is equal to the minimum value of the color bar.

has a spectral index of —0.81 and the core has a spectral index
and curvature term of 0.53 and —0.15, respectively. The blue line,
the total of the jet and core, has the functional form

F,=1041Jy- (100.53x—0.15x2 + 10—0‘81x)’ @)

with x = log (m) Using the fit, we estimate a flux density of
104 Jy at 150 MHz. The functional form of Eq. (2) is used as the
reference model of 3C 273 in Fig. 1.

Another peculiar property of this source is the lack of a
counter-jet. With our LBA observations, we do not find any sig-
nificant flux in the region to the northeast of the core, where we
expect the counter-jet to be. The lack of a counter-jet is usually
caused by Doppler boosting, where 3C273A (the bright radio
jet) is significantly boosted in our direction, and the counter-jet
is beamed away from us. Assuming a spectral index of @ ~ —0.8
and using Eq. (1), a lower limit on the inclination can be esti-
mated. Taking the RMS noise of 0.033 Jy beam™ on our LBA
image and a peak flux at the tip of the jet of 40 Jy beam™! (which

corresponds to the brightest value of the flux density in 3C 273),
this gives a lower limit on the ratio of the observed flux of the
jet to the counter-jet of at least 242:1, assuming the counter-
jet is fainter than the 50 noise level and under the assumption
that the two jets have a similar emissivity. Using Eq. (1), this
gives us a lower limit of S cos(f) > 0.753. Assuming a jet veloc-
ity of v=0.9¢, we obtain an estimate of the upper limit of the
inclination of # =~ 33°, in agreement with Conway & Davis
(1994).

3.4. 3C295

3C 295 is a luminous radio galaxy with redshift z=0.46 (Lubin
et al. 2000) and an FR II morphology, with two bright radio
lobes. This object is located in a cluster (Mathieu & Spinrad
1981) with a weak cool core (Allen et al. 2001), indicating that
the cluster is not undergoing a major merger.

X-ray emission has been detected from the 3C 295 cluster, its
core (Harris et al. 2000), and its radio lobes (Brunetti et al. 2001).
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Fig. 6. Spectra of four different locations of 3C 273 using data from Perley & Meisenheimer (2017). The locations are indicated by circles in the
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tend to exceed the flux density given by the JP model.

VLA radio observations (Perley & Taylor 1991) show a large
change in rotation measure (—7000 to 9000 rad m~2) across the
southeastern lobe, which indicates a substantial change in the
direction of the magnetic field. Further observations by Taylor &
Perley (1992) show that the NW and SE lobes significantly dif-
fer in both structure and spectral shape. The radio spectrum of
this source has a steep spectrum above 100 MHz, with a turnover
at about 60 MHz. However, explaining this by synchrotron self-
absorption is challenging as this would require a strong magnetic
field (~1 G), and the sharpness of the spectral turnover excludes
a low-energy cutoff. This makes free-free absorption a plausible
cause of the turnover (Taylor & Perley 1992). The turnover makes
this source a challenging target for ultra-low-frequency observa-
tions as the source becomes relatively faint below 30 MHz.

LOFAR HBA images have yielded high-resolution images,
which we used as our starting model for self-calibration®. The
LBA image, which has a resolution of 0.65 arcsecond with a
RMS noise of 17 mJy beam™, is presented in Fig. 3, and shows
a similar structure to the HBA image.

6 Made by F. Sweijen, see the skymodels in https://github.com/
lofar-astron/prefactor/
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3.5. 3C 298

3C298 is a quasar with two bright radio lobes, at a redshift of
z7=1.436 (Nilsson et al. 1993). The host galaxy is currently in an
intermediate stage merger, and is an interesting target for study-
ing AGN feedback on galactic scales (Vayner et al. 2017). In
addition, there is thermal emission in a region surrounding the
optical core, detected at 1 mm, suggesting that significant star
formation is occurring in the circumnuclear region surrounding
the quasar nucleus (Barthel et al. 2018).

Our ILT image, which has a resolution of 1.0 arcsec with a
RMS noise of 215 mJy beam™!, shows two lobes separated by
approximately 1.5”, the western lobe being brighter than the
eastern lobe. The western lobe has a flux density of 54Jy and
the eastern lobe has a flux density of about 23Jy at 55 MHz.
The shape of the source resembles that derived from VLA
observations at 1465 MHz by Akujor & Garrington (1995).

3.6. 3C 380

3C 380 is a radio galaxy at a redshift of 0.692 (Lawrence et al.
1996). The object consists of a compact steep spectrum (CSS)
core, which is unresolved with LOFAR LBA, and a more diffuse
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Fig. 7. Flux densities determined from our LOFAR observations (cir-
cles) of 3C 273, along with flux densities derived from the observations
in Perley & Meisenheimer (2017) (diamonds). The flux densities are
split into a core component (3C273 B, in red) and a jet component
(3C273 A, in green), with the sum of the contribution of the jet and
the core shown in blue. The flux densities are measured directly from
the resolved images of 3C 273. The error bars for the VLA flux densities
are smaller than the plotted points. The reduced chi-squared value of the
fit for the jet is 1.43 and for the core 8.83.

extended structure, which is resolved on arcsecond scales (see,
e.g., Perley & Butler 2017). 3C 380 is a commonly used source
for calibration of LOFAR LBA observations as this source has a
steep spectrum down to 10 MHz, although an accurate model is
still lacking.

Our image, which has a resolution of 1.2 arcsec and a RMS
noise of 38 mJy beam™!, confirms that the CSS core is enveloped
in extended emission. The diffuse halo is ~60 kpc in size, match-
ing the observations of Wilkinson et al. (1991). In addition, there
appears to be a curved structure of unknown nature on the east-
ern side of the core, which is also visible at 16 GHz (Perley &
Butler 2017).

4. Future prospects

The results presented in this paper serve as a proof of concept
for calibration of the ILT for frequencies down to 30 MHz.
For example, the observations of 3C 273, as presented in this
paper, show that the ability of LOFAR LBA to match the res-
olutions obtained with the VLA at 2.4 GHz, which allows us to
make spectral index maps with unprecedented high resolution at
ULF. These spectral index maps reveal previously unknown old
populations of relativistic electrons and spatially resolve these
populations at arcsecond resolution.

High-resolution imaging below 80 MHz has three chal-
lenges. The first of these is the variability of the ionosphere. This
will make it more difficult to extend this work to fainter sources
and to lower frequencies.

To remove ionospheric effects we need to correct for rapidly
varying phase effects on timescales of seconds and achieve a
sufficiently high signal-to-noise ratio on these timescales to use
self-calibration. Furthermore, the rapid variations of the phases
as a function of frequency limit the bandwidth that can be used to
derive a single solution. In Fig. 8, we show the phase corrections
for a four-hour scan of 3C 380. Especially at lower frequencies,

the solution interval in time and frequency is too large; at cer-
tain times (e.g., at about the 2.5 h mark) there are fewer than six
samples along the frequency axis per full rotation of the phase
solutions. However, decreasing the interval size will make solu-
tions too noisy to be useful. In addition, because the LOFAR
station beam model is not fully accurate, amplitude corrections
are often also needed, although on longer timescales of about
an hour. For this reason the signal-to-noise ratio achieved using
the present ILT may be insufficient for the amplitude and phase
calibration of fainter sources. This is especially problematic for
sources that have a low-frequency spectral turnover, which leads
to even lower flux at lower frequencies. A possible solution is to
separate the clock and total electron content effects (clock-TEC
separation) (de Gasperin et al. 2019), and solve for each of these
effects separately. The frequency dependency of clock and TEC
effects is known (clock ~ v, TEC ~ v~!), which allows direct
fitting of TEC and clock effects to the data. Compared to the
current approach, for which the data is divided into frequency
bins, where the correction is assumed to be constant, clock-TEC
separation allows the use of the full bandwidth to determine the
corrections. Clock—-TEC separation may be useful in future ULF
projects, although this would require the current separation algo-
rithm to be adopted for usage with low signal-to-noise ratios. The
gain in image quality is limited for bright sources, such as the
six sources discussed in this paper. For fainter sources, however,
clock—-TEC separation is critical for obtaining useful results.

The second challenge is the lack of availability of good
primary calibrators for ULF sources. For primary calibrators,
good high-resolution models are required for accurate extrac-
tion of the bandpass and polarization alignment, and currently
only 3C 196 has a model that is sufficiently accurate at frequen-
cies below 80 MHz. Because the images that have resulted from
this pilot project have unprecedently high resolution, they can
be used for future Dutch LOFAR calibration reference models
at frequencies below 80 MHz. For 3C 380, only a low-resolution
model existed, consisting of a single point source. Our results for
3C 380 yield the first subarcsecond calibration reference model
at low frequencies. However, because the signal on the long
baselines was insufficient to achieve long baseline calibration of
sufficient quality, this model is not good enough for bandpass
or polarization alignment calibration for the full International
LOFAR Telescope, although it is a significant improvement for
the Dutch LOFAR Telescope. Our results for 3C 295 are also
an improvement over the previous two-component model for
low frequencies and adequate for use on the Dutch and nearest
international LOFAR stations.

The third challenge is the influence of solar activity on iono-
spheric conditions. High solar activity is linked to severe iono-
spheric conditions, which make the calibration of large baselines
especially difficult. The data in this work were observed under
good ionospheric circumstances. A systematic investigation is
necessary in order to understand the effect of elevation, sun-
set, and the solar cycle on the quality of the recorded data. It
is unclear what the severity of the impact of the solar cycle
will be on the ability to correct for differential ionospheric
effects.

5. Conclusions

We have shown that LBA data from the full International
LOFAR Telescope can be used to generate subarcsecond images
down to 30 MHz on six relatively bright sources. In order to
calibrate our data, we used bandpass responses and polarization
alignments extracted from 3C 196, after which we used several
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Fig. 8. Overview of the XX phase corrections on station DE601LBA (Effelsberg, Germany), relative to the phased-up core, of a 4-h scan of
3C380. The scan is divided into time and frequency bins (in this case, 32 s wide bins in time space and 195 kHz in frequency space). In each bin,
DPPP computes a single value for the phase correction for each polarization and for each antenna. The x-axis labels the time and the y-axis labels
the frequency (in MHz) for each bin. The colormap represents the correction in radians, ranging from —z to 7. From this image, we can determine
the dTEC value to be about ~0.5 x 10'® m~2, referenced to the phased-up core (see, e.g., van Weeren et al. 2016). In the frequency direction the
correction wraps around many times, depending on the severity of ionospheric conditions. The width of the bins is chosen to be as broad as possible
(to increase the signal-to-noise ratio in each bin), while still ensuring that the correction does not change appreciably.

iterations of phase-only self-calibration, followed by several iter-
ations of diagonal (complex gain) self-calibration. Our results
show that LOFAR LBA imaging with the international baselines
is feasible, but that observations are currently limited to bright
and compact objects. The quality of the results seems to be suffi-
cient to map the extended structure of the sources with a dynamic
range of at least 100.

The resulting images are presented individually, along with
spectral index maps of 3C 196 and 3C 273. These results show-
case the first subarcsecond results down to 30 MHz, and allow us
to match the resolution of current gigahertz frequency observa-
tions. This, in turn, allows us to extract spatially resolved spectral
information. A spectral index map of 3C 196 shows that the east—
west lobes contain older plasma than the north—south lobes, and
in addition, that the source is embedded in a region of steep-
spectrum emission. The spectral index map of 3C273 shows
that the knots visible in X-band and Hubble Space Telescope
data have relatively flat spectra, which supports the hypothesis
that these are probably caused by internal shocks. Our observa-
tions of 3C 380 have resolved the source for the first time below
80 MHz, revealing the halo structure surrounding the core.

It is important to explore ways of improving the sensitivity of
the ILT at ULF. One way of doing this could be by adding judi-
ciously distributed collecting area (e.g., additional LBA stations)
to improve the uniformity of the baseline coverage and facili-
tate the creation of additional large “superterps” (van Haarlem
et al. 2013). Further analysis of the optimum configuration of
additional antenna stations and their effect on ULF calibration is
desirable. Because of the wealth of physical diagnostics accessi-
ble in the ULF and the demonstrated technical feasibility of ULF
imaging with the ILT, a more sensitive ULF ILT would provide
a unique capability for astronomy.
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