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ABSTRACT

Context. The Low Frequency Array (LOFAR) is uniquely able to perform deep, 15′′ resolution imaging at frequencies below 100 MHz.
Observations in this regime, using the Low Band Antenna (LBA) system, are significantly affected by instrumental and ionospheric
distortions. Recent developments in calibration techniques have enabled the routine production of high-fidelity images at these chal-
lenging frequencies.
Aims. The aim of this study was to obtain images of the radio sources included in the Third Cambridge catalog, second revised version
(3CRR), at an observing frequency of 58 MHz, with an angular resolution of 15′′ and sensitivity to both compact and diffuse radio
emission. This work also aimed to produce accurate flux measurements for all sources. This dataset is designed to serve as a reference
for low-frequency radio galaxy studies and future spectral aging analyses.
Methods. We present the data reduction and calibration procedures developed for narrowband observations of bright sources with
the LOFAR LBA. These include tailored direction-independent calibration strategies optimized for mitigating ionospheric phase cor-
ruptions and instrumental effects at 58 MHz. Imaging techniques were refined to reliably recover both small- and large-scale radio
structures reliably.
Results. We deliver 58 MHz radio images that include flux density measurements for the complete 3CRR sample. We determine that
the LBA has an accurate flux density scale with an average flux uncertainty of 10%. This is an important confirmation for any future
works using the LOFAR LBA system. With these results, we characterized the bright radio galaxy population with new high-resolution
low-frequency images. We also provide high-resolution models of these sources, which will be useful for calibrating future surveys.
Conclusions. This legacy survey significantly expands the available high-resolution data at low frequencies and is the first fully
imaged high-resolution sample at ultra-low frequencies (<100 MHz). It lays the foundation for future studies of radio galaxy physics,
low-energy cosmic-ray populations, and the interplay between radio jets and their environments.
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1. Introduction

The radio sky looks vastly different from the sky that is observed
at other wavelength regimes. But even within the broad radio
band (spanning from millimeter to decameter wavelengths) there
can be large differences in what can be observed. It is therefore
essential to explore the radio sky down to the lowest possible
frequencies to better understand the objects we observe. At giga-
hertz frequencies there exist plenty of deep, high-resolution data.
This is not yet the case for observations at ultra-low frequencies
(<100 MHz1).

It has proven difficult to obtain deep, high-resolution images
at ultra-low frequencies because of two main challenges. Firstly,
as the resolution ∝ B/λ (with B the maximum baseline length

⋆ Corresponding author: j.boxelaar@ira.inaf.it
1 The term ultra-low is chosen to discriminate between the low fre-
quencies observed with LOFAR at 150 MHz and the frequency range
used in this paper.

and λ the wavelength), observations at low frequencies require
longer baselines to achieve the same resolution as higher-
frequency interferometers, which poses practical challenges in
the design of the interferometer, for example regarding data
transfer and clock synchronization. Second, atmospheric turbu-
lence in the ionosphere has a great influence on radio signals
at these low frequencies and corrupts data in an unpredictable
way (e.g., Slee 1967; Thompson et al. 1986; Intema et al. 2009;
de Gasperin et al. 2018). For interferometers, the turbulent and
inhomogeneous ionosphere causes phase shifts that are time- and
frequency-dependent. For high frequencies, ionospheric corrup-
tion is less prominent since the dominant scalar phase delay
scales approximately as Φiono ∝ ν

−1. For ultra-low frequen-
cies, the second-order differential effect called Faraday rotation
(∝ν−2) becomes important. Faraday rotation causes a rotation in
the polarization angle of the incoming radiation and needs to
be corrected for using a rotation matrix. Higher-order effects
up to ν−3 become non-negligible below 30 MHz (Datta-Barua
et al. 2008; de Gasperin et al. 2018). Furthermore, varying iono-
spheric conditions across the interferometer make these effects
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direction-dependent and thus complicate observations at low
frequencies even further.

Given these difficulties, the Low Frequency Array (LOFAR;
van Haarlem et al. 2013) is currently the most capable instrument
for performing high-resolution observations at low frequencies.
Observations at ultra-low frequencies are done by the Low Band
Antenna (LBA), operating in the range 10–90 MHz. Ongoing
algorithmic improvements have made it possible to routinely cor-
rect for the severe ionospheric effects in the LBA (de Gasperin
et al. 2019, 2020a; Edler et al. 2022; de Gasperin et al. 2023).
This has even allowed observations to be carried out at arcsec-
ond resolution (with the International LOFAR Telescope) down
to 30 MHz (Morabito et al. 2016; de Gasperin et al. 2020a;
Groeneveld et al. 2022).

In this study we applied these recently developed advanced
calibration techniques to obtain 15′′ resolution images of the
entire second revision of the Third Cambridge Catalog of Radio
Sources (3CRR; Laing et al. 1983), which consists of the bright-
est radio sources in the northern hemisphere at 178 MHz. The
vast majority of the sources show emission originating from
active galactic nuclei (AGNs), which are powered by super-
massive accreting black holes at the center of their host galaxies.
These black holes accrete gas and dust and eject plasma as pow-
erful bipolar jets. Electrons in the jets are accelerated to highly
relativistic energies, resulting in observable synchrotron emis-
sion. AGN jets can reach sizes of hundreds of kiloparsec (e.g.,
Birkinshaw et al. 1981; Alexander 1987) to several megaparsecs
(Oei et al. 2024).

Although the sources in this catalog have been studied in
detail at higher frequencies both in surveys and in individual tar-
geted studies, this is the first high-resolution survey of the full 3C
catalog at ultra-low frequencies. Surveys like the 38 MHz 8th
Cambridge survey (8C; Rees 1990a; Hales et al. 1995) and the
78 MHz Very Large Array (VLA) Low-Frequency Sky Survey
(VLSSr; Cohen et al. 2007; Lane et al. 2014) previously observed
below 100 MHz. However, 8C only observed above δ > 60◦ with
multiple-arcminute resolution, while VLSSr observed the entire
northern sky (down to −30 Dec) at 78 MHz with a resolution of
75′′, about 5 times lower than the average resolution of the maps
presented here.

The synchrotron emission of radio galaxies is usually well
described by a synchrotron spectrum across a wide frequency
range. At low frequencies, spectra will deviate from a pure syn-
chrotron spectrum. Thus, studying AGNs at the low-frequency
end of the electromagnetic spectrum is important for our under-
standing of the absorption mechanisms at play. At low frequen-
cies, synchrotron sources will eventually turn over due to, for
example, synchrotron self-absorption (SSA), as at sufficiently
low frequencies, electrons can absorb radiation emitted by elec-
trons of the same plasma (Pacholczyk 1970; Condon & Ransom
2016). Other effects can cause a low-frequency turnover, such
as free-free absorption and a low-energy cutoff in the elec-
tron energy distribution (Kellermann 1966; Bicknell et al. 1997;
Tingay & de Kool 2003). Low-frequency observations help
distinguish between these processes.

Synchrotron spectral aging is most often observed as expo-
nential cutoffs in the gigahertz regime of the spectrum (Longair
et al. 1973), but standard models for spectral aging – for example
the JP (Jaffe & Perola 1973) and KP (Kardashev 1962; Pachol-
czyk 1970) models – assume an injection index2 α ≥ 0.5 for
the aging spectrum that has to be constrained by low-frequency
data. This is because the low-frequency part of the spectrum

2 We define the spectral index such that S ν ∝ ν−α.

ages most slowly. Such an analysis can only be properly done for
spatially resolved sources. This emphasizes the need for high-
resolution maps at ultra-low frequencies, which can significantly
help constrain the injection index for these aging models. Good
constraints on the electron energy index at the lowest frequen-
cies are important for reliable estimates of the total energy stored
in the synchrotron-emitting plasma, because the internal energy
is dominated by the lowest-energy particles. This is important
for investigations of the energetic impact of jets, and for mag-
netic field strength estimates. Furthermore, due to the suppressed
spectrum of the aged emission at higher frequencies, old emis-
sion at the end of jets and lobes is possibly only observed at
low frequencies. For sources with extended, aged radio emission,
combined LOFAR LBA and High Band Antenna (HBA; 110–
240 MHz) observations provide a unique possibility to determine
spectral indices.

In this paper, we present a catalog of narrowband (3 MHz
bandwidth) observations and high-resolution imaging of all
sources in the 3CRR catalog with LOFAR at an ultra-low central
frequency of 58 MHz. We begin by describing the calibra-
tion pipeline that allowed us to obtain images at a resolution
of 15′′ and rms noise of ∼10 mJy beam−1. In addition, we
present flux densities for all sources and complement this with
flux densities from the HBA to estimate spatially integrated
synchrotron spectral indices (using the convention S ν ∝ ν−α).
The main results of this survey include independent flux den-
sity measurements at 58 MHz of all 3CRR sources. Because
this catalog has been widely studied at all radio frequencies
up to ∼10 GHz, we are also able to determine the flux scale
of the LBA system. Furthermore, we present the first high-
resolution (∼15′′) catalog of total intensity maps for all 3C
sources at ultra-low frequencies. The radio maps have a typi-
cal rms noise between ∼8 and 15 mJy beam−1. Along with the
maps, we publish high-resolution models in the Library for
Low Frequencies (LiLF3). These models are useful for LBA
calibrations of future survey projects. These wide-field studies
need to observe faint sources and thus require that 3C sources be
subtracted from the sidelobes during self-calibration.

In this paper, we discuss in more detail one of the uses of
this survey in Sect. 5.2, where we use peaked spectrum sources
to estimate the magnetic field in the source. This is a unique
possibility that low-frequency observations provide as measure-
ments in this regime are essential to constraining the turnover. In
a second work (referred to as Paper II) on the data presented
here, we will select sources with large angular sizes to pro-
duce low-frequency spectral index maps and test the validity of
conventional aging models (such as JP and KP) in this regime.

The outline of the paper is as follows: in Sect. 2 we further
describe the sample and the observations. Data reduction and
calibration are described in Sect. 3. In Sect. 4, we describe the
flux density measurements and validation. This is followed by
a discussion of the obtained spectral energy diagrams and the
prospects of ultra-low-frequency observations in Sect. 5 and final
conclusions in Sect. 6.

Throughout this work, we assume a flat Λ cold dark cosmol-
ogy with ΩΛ = 0.7, Ωm = 0.3, and H0 = 70 km s−1 Mpc−1.

2. Sample and observations

The 3CRR catalog by Laing et al. (1983) is the second revi-
sion, hence the double R, of the original 3C catalog by
Edge et al. (1959). The 3CRR catalog consists of the brightest

3 https://github.com/revoltek/LiLF
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Fig. 1. RA/Dec radial plot of the northern hemi-
sphere containing all sources in the catalog. The
four brightest radio sources are shown as red
squares and the calibrators are depicted by the
triangles. The solid black line shows the galac-
tic plane and the dashed lines around it the
±10◦offset from the plane. The figure extends to
10◦ Dec only because the sample does not con-
tain sources below that threshold.

extragalactic radio sources with flux densities S ν > 10 Jy4 at
178 MHz. Sources are constrained by having Dec > 10◦ and to be
10◦ below or above the Galactic plane. This sample contains 173
sources, ordered by right ascension. Sources discovered after the
original paper therefore have a numeric suffix (e.g., 3C 314.1)
to avoid renumbering of all subsequent sources. Other sources
have been discovered to consist of two distinct emission regions.
To differentiate these distinct regions, the sources have an alpha-
betic suffix (e.g., 3C 225B). Although technically the observed
sample is 3CRR, we sometimes refer to it as the 3C catalog in
this article.

The FR II type radio galaxies (Fanaroff & Riley 1974),
showing the highest surface brightness at the outer lobe edges,
make up about 76% of the sample. Ten percent are identified as
FR I type radio galaxies, where the highest surface brightness is
located around the central host galaxy. About 10 of the galaxies
are giant radio galaxies, with size ≳1 Mpc (Orrù et al. 2010). As
a result of the selection criteria, all galaxies lie within z = 2. Fur-
thermore, one of the sources’ emission does not originate from
AGN outflows but from Galactic emission related to star forma-
tion. This source is 3C 231, better known as the starburst galaxy
M82. All sources, including the results obtained in this work,
are published separately as a catalog. Part of the catalog is listed
in Table C.1. Figure 1 displays the 3C sources on the northern
hemisphere, highlighting the location of the three calibrators as
well as the location of the four brightest sources and the Galactic
plane ±10◦.

4 In the original paper. S > 10.9 Jy for the flux scale adopted in this
work.

Observations were carried out with the LOFAR telescope
using the LBA system under project LC9_17 & LC10_020 (PI:
de Gasperin) over a time period between November 29, 2017, and
September 27, 2018, totaling 48 hrs of observing time. Observa-
tions were performed in LBA_OUTER mode, in which only the
outer half of the LBA dipoles in a station are used. Observations
are carried with the full Dutch array – 25 core stations (denoted
CS) and 14 remote stations (denoted RS) with the exception
of CS013 and CS031, which were malfunctioning and therefore
flagged in almost all of the data. For 8 observing hours, RS310
was also flagged, which yields almost no data for that station
for about 30 sources. This is particularly problematic for the uv
coverage in the east-west direction since RS310 is the western-
most station in the otherwise north-south oriented Dutch array.
Therefore, sources observed without RS310 have a rather elon-
gated beam in the east-west direction. These sources are listed in
Sect. 4.

For this survey, the observing strategy is somewhat unortho-
dox as it utilizes LOFAR’s unique multi-beam capabilities. We
aimed to observe the entire set of 173 sources of the 3CRR cat-
alog with a long exposure (8 hrs) to increase the uv coverage.
Since observing the targets one after the other would have been
prohibitively expensive in terms of telescope time, we reduced
the bandwidth by increasing the number of simultaneous beams.
We therefore observed with 30 beams directed toward 29 3C
sources and one calibrator. The phased array design of LOFAR
makes this unique setup possible. The calibrators used here are
3C 196, 3C 380, and 3C 295, which are themselves part of the
catalog. They are chosen because they are approximately equally
spaced in RA and are compact bright sources. Every observing
hour, a calibrator is chosen based on the maximum elevation
at that time. These sources are well-known standard calibrators
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Table 1. Summary of the observations.

Object Time Freq. Bandwidth S 58 MHz
a

(h) (MHz) (MHz) (Jy)

3C 196 22 57.7 3 155.10
3C 380 17 57.7 3 134.26
3C 295 24 57.7 3 160.96

Targets 8 57.7 3

Notes. (a) Flux scale from Scaife & Heald (2012).

with defined flux densities on the Scaife & Heald (SH) flux scale
(Scaife & Heald 2012). For the observing time per target, see
Table 1.

By using 30 simultaneous beams, every direction has 15 of
the total 480 sub-bands assigned to it, resulting in a total band-
width of 3.125 MHz per direction centered around 57.7 MHz
where the LBA is most sensitive. In this way, the total observing
time is cut by approximately a factor of 10 compared to the time it
would have taken with typical wide band (30 MHz) observations
for all sources. The total observing time for the entire catalog is
just 46 hours. Clearly the drawback is the limited bandwidth, but
because we targeted the brightest sources in the northern sky, it
is possible to achieve an adequate signal to noise even with the
limited bandwidth. Observations were taken between November
2017 and September 2018 at irregular intervals between obser-
vations, resulting in a variety of local sidereal times and thus
maximizing the uv coverage.

During preprocessing, the data were flagged for radio fre-
quency interference using AOflagger (Offringa et al. 2010,
2012) and subsequently CasA and CygA were de-mixed using
the de-mixing procedure (van der Tol et al. 2007; de Gasperin
et al. 2020b). During de-mixing, sidelobe contributions from the
brightest sources in the sky (A-team sources) are subtracted from
the data. The models for the A-team sources VirA and TauA
were taken from de Gasperin et al. (2020b). Data were further-
more compressed using the dysco software (Offringa 2016) to
reduce the data to a more manageable size. After that, data were
averaged to 4 s time intervals and 4 channels per subband. The
data were then calibrated and imaged using the Default Pre-
Processing Pipeline (DP3; van Diepen et al. 2018) and WSClean
(Offringa et al. 2014; Offringa & Smirnov 2017). The process
will be explained in more detail in the following section.

3. Data reduction

The calibration strategy for the calibrator data is based on pre-
vious work described by de Gasperin et al. (2019), available in
LiLF. Since the calibration strategy of LBA data is still evolv-
ing, the strategy used here differs in some aspects from what is
described there.

Before solving and applying any corrections, we used exist-
ing lists of clean components for the calibrators as initial models.
These models have total fluxes equal to that from the SH flux
density scale models and the calibrators will thus have the same
flux density by definition (see Table 1). Before solving for any
systematic effects, the visibilities are smoothed in frequency and
time with a Gaussian kernel whose size is inversely propor-
tional to the baseline length. This baseline-dependent smoothing
is done to reduce the noise. The resulting reduction in field of
view (FoV) has no significant influence as our sources are small
compared to the FoV and at the phase center. Additionally,

since the smoothing is baseline-dependent, the least amount of
smoothing happens on long baselines. As almost all sources
are expected to appear unpolarized at LBA frequencies, the off-
diagonal elements of a full Jones calibration matrix are expected
to have incoherent, quickly varying phases and negligible ampli-
tudes. Therefore, smoothing of off-diagonal correlations has
no significant effect, and to reduce computation time we only
smoothed the diagonal correlations.

Calibrator data are corrected following the signal path start-
ing at the receiver. The first effect that is corrected for is polar-
ization alignment. This corrects for differential delays between
the X and Y dipoles. Subsequently, the dipole beam correction
is applied. This has to be done before the Faraday rotation cor-
rection, as the two matrices describing the correction do not
commute. The Faraday rotation effect is solved for and corrected
in a circular polarization basis, so that the effect is described by
a diagonal matrix of phase terms (Smirnov 2011). Next, the data
are corrected for the time-averaged bandpass response. Finally,
we solved for scalar phases, capturing the underlying ionospheric
and station clock delays.

For the target field, we started by flagging and de-mixing
the data. After this, the calibrator solutions of the correspond-
ing calibrator at the time of observation were applied. Because
of the observing strategy, targets may have different calibrators
depending on the observing time. Solutions transferred from the
calibrator are: polarization alignment, amplitude bandpass, clock
delay, and first-order ionospheric effects. Beam effects were esti-
mated from models and also applied to the targets. We do not
applied solutions from Faraday rotation on the target because
the frequency-dependent effect is negligible and difficult to fit
to since our total bandwidth is only 3 MHz. Any small contri-
butions were corrected for during self-calibration. After these
corrections were transferred, the data were backed up and a copy
of the measurement set containing only the core stations was
created.

The first few cycles of self-calibration are done on core
stations only to establish an excellent solution on the short
baselines; this process reduces the complexity and degrees of
freedom for the solver when adding back the longer baselines.
The first cycle of self-calibration is a scalar phase solve at the
highest time resolution, done against models taken from the
TIFR GMRT Sky Survey. Solving with a time resolution equal
to the data resolution is possible here because of the high bright-
ness of the sources and the high signal to noise on the core
baselines. This first imaging cycle sets the flux scale for the rest
of the calibration process, and we therefore normalized all sub-
sequent amplitude solutions to average to unity to preserve the
flux scale. The subsequent two self-calibration cycles solve for
the scalar phase and the full-Jones matrix, respectively. The full-
Jones matrix should correct for any small, higher-order effects
that were not accounted for by the calibrator solutions or the
phase solve. The full-Jones matrix is solved for on a much longer
timescale of about 13 minutes to reduce the degrees of free-
dom and prevent noise from dominating in the solutions. The
diagonal amplitude part of the full Jones matrix is scaled to
unity to preserve the flux scale set in the first cycle. The correct
method would be to avoid the scaling and recalibrate the diago-
nal elements to compensate for any deviation introduced by the
full-Jones calibration step. However, we determined it was not
necessary because of the small off-diagonal polarization contri-
bution. Moreover, the final flux is checked (see Sect. 4.2) and
found to be correct.

After every calibration cycle, the corrected data are imaged
and the model is updated accordingly. For the core stations,
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Fig. 2. Noise and dynamic range distribution of the produced radio maps.

imaging of the full 6.5 degree FoV was performed at a pixel
scale of 50′′ using Briggs weighting with a robustness parame-
ter of −0.8 and a uv cut of 30 kλ. This results in a resolution of
about 4.5′–6′. The flux density of even the most diffuse emission
from the 3C sources can be measured from the low-resolution
images despite the high noise level of the produced images of
∼35–100 mJy beam−1.

Once the core stations are mutually well calibrated, we
phased up the core stations to form a virtual super station, which
has become common practice for LOFAR very long-baseline
interferometry (VLBI) observations using the high-band anten-
nas (Morabito et al. 2022) as well as for some prior LBA
observations (e.g., Morabito et al. 2016; Groeneveld et al. 2022).
The main advantage of this is that it reduces the degrees of free-
dom and results in a much higher signal to noise on baselines
connecting remote stations to the virtual super station. Addition-
ally, it drastically decreases the FoV for the CS–RS baselines,
thereby suppressing the impact of other sources in the field. If
all 23 core stations are phased up, the new station would have
an effective diameter of 4231 m, reducing the FoV of this station
to 5.46′ (using FoV = 1.3λ/D). To prevent the loss of flux, we
decided that sources must have an angular diameter smaller than
1.49′ to phase up the core in the measurement set. Since many
sources are larger than that, we dynamically phased up core
stations only up to the point where no flux is lost on shorter base-
lines. For sources with large angular sizes, for example 3C 31 or
NGC 6251, this means no phase-up is possible, while for many
point-like sources there is no issue.

Calibrating the entire Dutch array is done by iteratively solv-
ing for scalar phase corrections and imaging to the point where
there is no significant improvement in both the rms noise and
dynamic range. Phase solutions are constrained to be smooth on
1 MHz scales and solved for at 4 s time resolutions. Once there
are no improvements to the image quality in the phase calibra-
tion iterations, we added a subsequent full-Jones matrix solve to
attempt to capture residual corruptions of the data. Full-Jones
calibration starts at a time resolution of 13.3 minutes and this
interval is gradually decreased to the point where the solutions
become noisy and worsen the image quality. Brightness maps
are produced with a FoV of 1.4 degrees radius and a resolution
of about 12 ′′ using a robustness parameter −0.8.

4. Results

4.1. Radio maps

One of the aims of this work is to produce LOFAR LBA radio
maps of the entire 3C catalog. The calibration strategy to arrive

at these images was discussed in the previous section. This sec-
tion will describe the maps in more detail and highlight some
special sources that required additional steps. The collection of
all maps can be found in Fig. A.1. The maps’ color bars in the
appendix are scaled based on the image properties and thus dif-
ferent for every image. The scale indications use the redshift
taken from the NASA/IPAC Extragalactic Database (NED). The
cutouts are 10′ × 10′ by default, 40′ × 40′ for extended sources
and 50′ × 50′ for very extended sources. The σrms varies roughly
between 6 and 16 mJy beam−1 with a dozen outliers above
20 mJy beam−1. See the accompanying catalog for all values and
Fig. 2 for the statistics. The dynamic range is roughly between
20 and 800, depending on the source.

During imaging, we distinguished a few sources as extended
or very extended. A selection of those is highlighted in Fig. 3.
For extended targets, multi-scale cleaning is performed for scales
up to 108′′ and robustness parameter −0.7. For very extended tar-
gets, multi-scale cleaning is performed for scales up to 240′′ and
robustness parameter −0.6. Eight sources have extended emis-
sion that is too faint to be detected at the default resolution and
are therefore cleaned with a Gaussian taper. These sources and
their taper are 3C 236 at 25′′ and 3C 274, 3C 31, 3C 449, 3C 465,
NGC 6109, and NGC 6251 at 20′′. However, the high rms noise
of our observations, due to the small bandwidth, inevitably
results in the inability to detect diffuse, low surface brightness
emission at ∼12′′ resolution. For many of the extended sources
>2.5′, we did not detect all diffuse emission with a signal to
noise above 3σrms. Of these sources, 3C 31, 3C 264, 3C 449,
and NGC 7385 exhibit diffuse emission detected in (unreleased)
LOFAR Two-metre Sky Survey (LoTSS) data (Shimwell et al.
2019) that remains undetected in our survey unless we go to arc-
minute resolutions. All of the listed sources are extended FR-I
type galaxies of which the most diffuse, low brightness parts at
the end of the lobes are invisible.

The final radio maps were not corrected for astrometric off-
sets. From the spectral analysis (performed in an upcoming
work), where LBA maps were aligned with other surveys, the
astrometric error is on the order of 2′′−5′′.

Catalog sources that are spatially close together are par-
ticularly difficult to calibrate, as the neighboring 3C source is
essentially a bright off-axis source contaminating the target. In
a few cases, it was necessary to subtract these off-axis sources
using a peeling procedure (Smirnov 2011) before it became
possible to calibrate them properly. This additional step was
performed for 3C 272.1, where 3C 274 (M87) was peeled, and
3C 381, where 3C 380 was peeled. We checked the flux of the
sources with and without peeling of the neighboring source and
there was no significant flux suppression due to the peeling. The
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3C 236 3C 31 DA240

4C 73.08 3C 465 NGC 6251

Fig. 3. Some of the most extended sources in the sample, some with low signal to noise emission. The beam is indicated in the bottom left of every
panel. The scale bars in the bottom right are 200 kpc for each panel. The color scales are different for every panel to highlight the diffuse emission.

pairs A1552 & M87 and 3C 84 & 3C 83.1B are so close together
and bright that peeling would introduce artifacts around the com-
panion. For these two pairs the calibration and imaging was done
jointly. In order to image A1552, which is only 41.5′ away from
M87, we phase-shifted the data to M87 and calibrated the two
sources jointly. The figure of A1552 in Appendix A still shows
some contamination from M87 on the left side of the image, but
it is a great improvement over the default pipeline we utilized.

The sources 3C 84 (NGC 1275) and 3C 83.1B (NGC 1265)
are the two most luminous radio galaxies in the Perseus clus-
ter and are separated by only 27′. The challenging component
of the cluster is 3C 84, which has a tens of Jy bright, com-
pact core embedded in diffuse emission. Some of the diffuse
emission has been observed by Gendron-Marsolais et al. (2020)
with the VLA at 230–470 MHz, but recent observations with the
LOFAR HBA by van Weeren et al. (2024) suggest that the radio
galaxy is at the center of a giant radio halo. The superposition
of bright compact emission and diffuse faint emission requires
additional data reduction. Other broadband observations of the
cluster were recently done by Groeneveld et al. (in prep.) and
show more of the diffuse emission in the halo. Our observations
primarily detect the bright core.

4.2. LOFAR LBA flux density scale

The source flux densities were independently estimated, adopt-
ing the flux density scale of Scaife & Heald (2012) for the
calibrators. For any other catalog of extragalactic sources, it
would be challenging to assess the accuracy and precision of

flux measurements because of the lack of reliable measurements
for a large range of frequencies, especially low frequencies.
However, this sample contains some of the most studied and
brightest radio sources with measurements dating back several
decades and extending down to decameter frequencies (Braude
et al. 1969), making this an excellent sample to test the LBA
flux scale. To do this, we compared a spectral energy distri-
bution (SED) composed of literature measurements with our
measurement at 58 MHz. The deviation from the “expected”
value from a polynomial fit is a measure of the accuracy (off-
set from the true flux) and precision (standard deviation from
the true flux) of the LBA flux density measurement. A simi-
lar analysis has been performed by de Gasperin et al. (2021)
who concluded that an estimate of the systematic calibration
error of 10% was sufficient, although this analysis used mainly
two higher frequency measurements and a linear extrapolation
method. de Gasperin et al. (2023) repeated the analysis by per-
forming quadratic fitting, although mostly using extrapolation
from two higher frequency bands. In the present work, we char-
acterized the flux density scale more rigorously by taking a larger
sample of measurements to construct the SED to which we fit
the polynomial, as well as requiring multiple observations below
58 MHz to properly constrain both sides of the measurement.

Where available, we collected 20′′ resolution cutouts from
LoTSS at 144 MHz from yet unreleased DR3 data. The 144 MHz
data points help in constraining the SED fit and determining
the low-frequency spectral index for nearly the entire catalog.
The few 3C sources not covered by LoTSS are either close
to M87 (3C 274, which is excluded from LoTSS due to the
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difficulty of self-calibrating close to this kilojansky source)5 or
have a separation from the Galactic plane ≲23◦.

Flux densities were measured using manually drawn regions
for every source roughly following the 20′′ HBA 2σ outline of
the source. This was done so that the same regions could be used
for both the HBA and the LBA to calculate the total flux. All flux
measurements, LoTSS fluxes as well as 58–144 MHz integrated
spectral indices are published in an accompanying catalog and
are, for illustrative purposes, listed in Table C.1. Uncertainties
for all spectral indices are 0.155 assuming the uncertainties for
both the LBA and the HBA are 10% of the measured flux.

Integrated flux density measurements and uncertainties were
collected for all sources using the NASA Extragalactic Database.
These can be measurements appearing in a catalog or in a single
source study at frequencies ranging from 20 MHz up to 10 GHz.
The measurements from the literature also vary widely in pub-
lication date, going back to the 1960s. Historically, there are a
handful of different flux density scales on which flux measure-
ments are defined. Depending on the frequency and the scale
used, the discrepancy can be up to 20%. Widely used flux scales
include the Roger, Bridle & Costain scale (Roger et al. 1973),
the Baars et al. (1977) scale and the Kellerman, Pauliny-Toth &
Williams (Kellermann et al. 1969) scale. Other works define their
own flux scale and mention how it relates to one of the more
commonly used scales.

To avoid the cumbersome work of checking the flux scale of
every entry for every source, we converted only a few literature
values from their scale to the SH scale. For this, we used publi-
cations containing a large portion of the sources in our sample,
greatly reducing the amount of manual work. Table 2 in Scaife &
Heald (2012) summarizes the respective works, their conversions
to the SH scale, and the frequency of the measurement. This
work adds some additional references with frequent occurrences
in the NED queries, which are listed in Table 2.

Below 1 GHz, only flux densities rescaled to SH are used to
fit a polynomial synchrotron spectrum of the form

S =
4∏

i=0

10Ai logi( ν
150 MHz ). (1)

We fitted this spectrum with a Markov chain Monte Carlo
(MCMC) implementation up to the A4 term, or up to term N
where we have N − 1 data points available. The fitted model at
58 MHz is then used as a proxy of the true flux. The LOFAR
LBA flux densities are plotted against the literature SED together
with the fitted synchrotron spectrum6. The spectra for the cal-
ibrators are highlighted in Fig. 4, where the solid black line
indicates the fit from SH. The figure shows that our measured
fluxes are in perfect agreement with SH. For the calibrators, the
flux is measured to be 156.7 Jy for 3C 196, 136.5 Jy for 3C 295,
and 163.05 Jy for 3C 380. The collection of all SEDs can be
found in Appendix B.

Comparing the measured fluxes to the expected flux based
on the spectrum fit, we can derive an estimate of the flux den-
sity accuracy and precision of the LOFAR LBA for high-S/N
sources, visualized in Fig. 5. The figure shows an overall accu-
rate flux scale with some clear outliers and larger scatter around
unity at low brightness and high noise. Since synchrotron spectra
tend to turn over due to self-absorption at ultra-low frequencies,

5 M87 has been observed separately in the LOFAR HBA Virgo Cluster
Survey (Edler et al. 2023).
6 We were not able to make an SED using this method for A 1552 as it
lacks flux density entries in NED.

Table 2. Scaling factors used for the broadband SEDs.

Freq. Reference Factor

10 MHz Bridle & Purton (1968) 1.20
Roger et al. (1973) –

22.25 MHz Roger et al. (1973) –
Roger et al. (1969) 1.15
Laing & Peacock (1980) –

38 MHz Kellermann et al. (1969) 1.18
Rees (1990b,a) –

81.5 MHz Scott & Shakeshaft (1971) 0.90
86 MHz Laing & Peacock (1980) 0.94

Artyukh et al. (1969) 0.94
151 MHz Baldwin et al. (1985) –

Hales et al. (1993) –
178 MHz Kellermann et al. (1969) 1.09
325 MHz Rengelink et al. (1997) 0.90
365 MHz Kuehr et al. (1981) 0.94

Douglas et al. (1996) 0.98
408 MHz Colla et al. (1970, 1972, 1973) –

Fanti et al. (1974) –
750 MHz Kellermann et al. (1969) –

Laing & Peacock (1980) –
960 MHz Kovalev (1997) 0.96

we only included sources with literature measurements below
58 MHz, eliminating the possibility that our measurement has a
poor fit due to possible self-absorption that was not previously
observed. Thus, sources like 3C 225B or 4C 14.11 are excluded
from the statistics of Fig. 5. The left panel of Fig. 5 shows that
the flux measurement becomes excessively unreliable for the
few sources with fluxes below 25 Jy. The majority of these few
sources (specifically 3C 287, 3C 343.1, 3C 345, and 3C 454.3)
driving down S LBA/S SED are compact quasars with potentially
high variability (e.g., Falcke et al. 2001; Barvainis et al. 2005;
Tripathi et al. 2024). This idea is confirmed by their inconsistent
low-frequency SEDs in Fig. B.1. Excluding these sources from
the statistic yields a flux accuracy of

S LBA/S SED = 1.00 ± 0.09.

This shows that the LOFAR LBA flux scale is accurate with
roughly 9% calibration error. We rounded this up to 10% and
adopted that percentage as our uncertainty estimate on the mea-
sured flux densities in the remainder of this work. The right panel
of Fig. 5 shows the same as the left panel but for LoTSS (HBA),
showing the same inaccuracy at the low flux end. More impor-
tantly, it shows a slight systematic underestimation of flux as to
what is expected from the literature. For the HBA fluxes, the
ratio is 0.95 ± 0.11, a slight systematic underestimation of about
5% (we discuss this result in more detail in Sect. 5). The results
presented here regarding the LBA flux scale show it to be accu-
rate in the field center. This is in contrast with what found in de
Gasperin et al. (2023), who noticed a systematic underestimation
of around 10% using the extrapolation method, although their
work used sources out to the edges of the FoV. Our result is in
good agreement with their less significant estimate that includes
8C measurements at 38 MHz. This suggests that a significant
portion of sources start turning over due to self-absorption at
57 MHz, giving rise to the underestimation from extrapolation.
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Fig. 4. Top panels: synchrotron spectrum of the calibrators. The red triangle indicates our LOFAR LBA measurement with an added illustrative
uncertainty of 10%, and the circle indicates the entries queried from NED. Only the black dots were scaled to the SH flux scale, gray points are
not. The blue line through the black points shows the fitted MCMC spectrum, and the dotted black line shows the fitted spectrum using all scaled
literature values, including LBA. The blue line shows our fit with 1σ and 2σ model uncertainties. The fit was performed on the literature values
with flux-scale-corrected fluxes and fluxes at frequencies >1 GHz. Bottom panels: residual of the three fits in linear space.
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Fig. 5. Left: statistics of flux density accuracy of sources in the 3C sample. The box plot in the upper panel shows the distribution with deviations
from the expectation according to the SEDs over a range of fluxes. The “box” in the box plot denotes that the middle 50% of fluxes fall within this
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the average flux seems to be systematically underestimated by about 5% where the statistics are best.
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Fig. 6. Spectral index from LBA and HBA fluxes. The radio power is
calculated from the LBA fluxes using the redshifts from the catalog.

Figure 6 shows the distribution of the low-frequency spectral
index α58

144 with respect to the physical size7 and radio power at
58 MHz. The uncertainties were propagated using 10% uncer-
tainty for both the LBA and the HBA. Low-frequency spectral
indices are distributed over a large range up to 1.5 and a median
spectral index of 0.88. Three sources (3C 147, 3C 343.1, and
3C 343) have an LBA flux lower than their respective HBA
flux. The smallest sources indicate that there is a proportionality
between the source’s physical size and the low-frequency spec-
tral index.This is possibly related to the relation between peaked
spectrum sources and source size discussed in Sect. 4.3.

We compared the flux density values from this work with
the ones available from the Amsterdam ASTRON Radio Tran-
sient Facility And Analysis Centre (AARTFAAC; Kuiack et al.
2019). Their catalog of sources at 60 MHz, observed with the 12
innermost core stations in an all-sky map, reported flux densities
for 70 sources that are in the 3CRR catalog. We compared their
measurements to the ones in this work in reference to the SED
fit. Figure 7 shows the AARTFAAC fluxes deviate significantly

7 Sizes were taken from https://3crr.extragalactic.info and
are measured from various high-resolution sources.
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Fig. 7. LBA flux for 70 sources as measured by AARTFAAC (Kuiack
et al. 2019) in orange and as measured in this work in gray. Fluxes are
compared to the expected flux from the SEDs. The dashed line denotes
S LBA = S SED. The shaded region denotes ±10% from this expectation.

below 50 Jy, while above that the flux scale seems consistent
with what we find here. This indicates the flux densities in
AARTFAAC are not accurate below 50 Jy.

Besides AARTFAAC, LBA flux density measurements exist
for only a few non-calibrator 3C sources. For 3C 225B, our mea-
surement of 55.6 ± 5.5 Jy is higher though in accordance with
the 45 ± 20 Jy obtained by Groeneveld et al. (2022), consid-
ering the large uncertainty on their measurement. For 3C 223,
Harwood et al. (2016) obtained 37.4 Jy at 51.6 MHz, again con-
sistent with our measurement of 41±4.1 Jy. For 3C 31 and 3C34,
Heesen et al. (2018) report 47.7±1.5 Jy and 44.3±1.3 Jy, respec-
tively; they assumed a fairly small calibration error of 5%. It is
therefore just in agreement with the 43.7 ± 4.4 Jy and 42.8 ± 4.3
presented in this work. 3C 274 (VirA or M87) has been observed
by de Gasperin et al. (2020b) who reported a total flux density
of 2635 Jy, again in agreement with our 2443 ± 244 Jy.

4.3. Peaked spectrum sources

The collection of SEDs extending to ultra-low frequencies
enables us to study peaked spectrum sources and SSA. At suffi-
ciently low frequencies, synchrotron sources eventually become
opaque and turn over. As we describe later in this section, this
spectral characteristic can be used to estimate magnetic field
strengths within compact sources. Collective analysis of the SED
fits that include the LBA measurement reveals that there are
55 sources that are likely to have a peaked spectrum with peak
between 10 and 500 MHz. This is 32% of the catalog. This is
determined based on the SED fit that includes the LBA measure-
ment. If this fit has a peak between 10 and 500 MHz we consider
it peaked. We determined the peak frequency (νp) from the SED
fit that includes the LBA measurement. If we were to exclude the
LBA data point, the number of peaked-spectrum sources from
the fits would be 45. Of these, 3C 236 appears to be peaked at
ν ∼ 100 MHz but this is ruled out by the LBA measurement. The
best fits, including LBA measurements, thus suggest a peaked
spectrum for 11 new sources. Without the LOFAR LBA data
it would not have been possible to reliably determine that the
spectrum was peaked.

Despite the low numbers of likely peaked sources for this
subsample, Fig. 8 shows a clear relation between the peak
frequency, νp, at which the source becomes optically thick, the
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Fig. 8. Peak frequency as a function of the physical size of AGNs. The
color map depicts the power (P) of the source. The dashed line depicts
the LBA frequency (58 MHz).

physical size and the total power, P, of the source. Essentially all
sources where νp > 58 MHz are smaller than 10 kpc.

There also seems to be a relation regarding the power of the
radio source. Low-power radio galaxies tend to be larger and if
they are peaked with νp > 10 MHz, νp is consistently lower com-
pared to the smaller, luminous sources. For the more compact
and luminous sources, it is possible to use the fact that they are
peaked and thus self-absorbing to estimate the magnetic field
strength of the source. At sufficiently low frequencies, electrons
can effectively absorb synchrotron emission emitted within the
same medium and the source becomes optically thick. The fact
that this happens most clearly in compact luminous sources is
to be expected, as the combination of a high emitting power
and a compact structure results in a higher density of high-
energy electrons, which will have a higher chance of absorbing
radiation.

5. Discussion

This work has presented the first 3CRR catalog imaged at ultra-
low frequencies. Despite the novelty, it is worthwhile to reiterate
some clear limitations of the quality of the data presented. Due
to the observing strategy, which was set up to observe 30 direc-
tions simultaneously, there is only 3 MHz of bandwidth allocated
for each target. Despite the rather long (given the brightness of
the sources) observation time of 8 hours, this caused a subop-
timal uv coverage and resulted in high noise levels for some
sources. For example, 3C 314.1 (39.9 mJy beam−1) and 3C 315
(51.6 mJy beam−1) have especially low image quality. The aver-
age image noise lies around 10 mJy beam−1 as can be seen in
Fig. 2. The poor image quality is also apparent in the form of a
particularly elongated beam in roughly the east-west direction.
The sources where this is especially apparent suffered from a
totally flagged LOFAR station RS310, an important station for
east-west baseline coverage. Another source with missing emis-
sion is the core of the Perseus cluster (3C 84). van Weeren
et al. (2024) observed a large extended halo around the bright
core. Due to the sparse amount of data, we were unable to prop-
erly clean the image around the 270 Jy bright core, leaving the
surrounding diffuse emission lost in calibration artifacts.

A second effect caused by the narrowband observations is
the relatively low sensitivity in the images that, combined with
limitations in the dynamic range, resulted in undetected diffuse
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emission for some sources. NGC 7385, NGC 6109, 3C 449, and
3C 83.1B have previously observed diffuse emission at 144 MHz
in LoTSS that is completely undetected in our data, while for a
larger subset of extended sources the emission is detected but
with a low signal to noise ratio. It seems that the missing dif-
fuse emission does not have a significant influence on the final
measured flux (well within the 10% calibration error), but it
does have an effect on the usefulness of such data in spectral
analyses, which requires resolved maps and good fidelity. This
limitation will become clear in Paper II, where we will use the
most resolved maps for spectral analysis. Some of these extended
sources will need new, deeper broadband observations to achieve
a more competitive image quality.

5.1. Low-frequency SEDs

This work also provides the best characterization of the LBA flux
density scale in the high signal to noise regime, thanks to the
great abundance of literature measurements of the 3CRR fluxes
at a wide range of frequencies between 0.01 and 10 GHz. In par-
ticular, the many literature values below 58 MHz allowed us to
constrain the spectrum for our measurements. Despite the over-
all reassuring outcome that the flux scale is accurate with about
10% error, there are a handful of sources that seriously deviate
from the expected SED. 3C 314.1 has the largest overestimation
of about 30%, and the same source has a map with a high rms
noise. 3C 231 (M82) has the largest underestimation of 35%,
although in that case, the model does not seem to fit the SED
well. The fit relies heavily on the 365 MHz Texas Interferometer
Survey (Douglas et al. 1996) data point. This survey is known
to underestimate flux densities for sources larger than 30′′. This
data point was therefore not considered for this source and any
other source larger than 30′′. Fitting again to the remaining data
results in an underestimation of 12%.

A possible hidden bias in these SEDs is the error on the
individual entries. We did not check the reliability of the errors
and whether they take into account just statistical uncertainties
or also systematic ones. If a reported uncertainty in NED is
lower than the actual total uncertainty, the fit will be statisti-
cally more dependent on that entry than others that have a higher
uncertainty. Since for this analysis we are more interested in the
statistical accuracy of the flux scale, we did not deem it necessary
to take these small biases into account.

Repeating the same analysis on the flux scale with 20′′
LoTSS DR3 images showed a slight systematic underestimation
of the flux in DR3 of on average 5%, fairly small compared to
the average 10% calibration error. Since many of the sources are
part of the upcoming LoTSS DR3, the systematic deviation on
the flux is not alarming, as the study of the flux density scale of
the survey is still ongoing. As of this moment, the flux scales of
the survey are still under investigation. The HBA images will be
used in Paper II to construct low-frequency spectral index maps.

5.2. Synchrotron self-absorption

Synchrotron self-absorption is a possible physical explanation
for the low-frequency turnover we observe in some of the
sources. Assuming this is the mechanism, we are able to make
an estimate of the magnetic field in the source (Kellermann &
Pauliny-Toth 1969). The brightness (Iν) at some frequency (ν) is
related to the brightness temperature (Tb) in the Raleigh-Jeans
limit

Tb =
c2

2kν2
Iν. (2)

At the same time, the energy of emitting electrons γmec2 is
expressed through the effective temperature Te through 3Tek =
γmec2, where the factor 3 is valid for ultra-relativistic plasma.
Electrons emit most synchrotron energy at a certain frequency
ν ∼ γ2eB/2πmec and we can use this to obtain an equation that
relates the effective temperature of electrons emitting mostly
at ν in terms of the magnetic field B and ν by substituting γ,
yielding

Te ≈

(
2πmecν

eB

)1/2 mec2

3k
. (3)

Since the energy of the emitted radiation cannot exceed the elec-
tron energy, we require Tb ≤ Te. Eventually, at low frequencies,
Tb approaches Te and this is the point where the source becomes
optically thick. Setting Tb ≈ Te yields an equation for the opti-
cally thick part of the spectrum that is only dependent on the
magnetic field such that Iν ∝ ν5/2B−1/2. When taking a single
brightness temperature for the entire source, we assumed it to be
homogeneous. For more realistic sources, the final self-absorbed
spectrum will have a broader peak.

Pacholczyk (1970) more precisely calculated the Iν ∝
ν5/2B−1/2 relation in CGS units, replacing Iν by the total flux over
the source solid angle (Ωs),

S ν
Ωs
=

ν5/2

c14(B sin θ)1/2

(
ν

νp

)−β [
1 − exp

(
−

(
ν/νp

)−(γ+4)/2
)]
, (4)

which reduces to S ν ∝ ν5/2−β for ν ≪ νp and to the classic power
law S ν ∝ ν−α for ν ≫ νp with α = (γ− 1+ 2β)/2. Here, β = 0 for
homogeneous sources while for inhomogeneous sources it takes
a value between 0 and 2.5 and flattens the inverse slope (see,
e.g., Condon & Ransom 2016; Paraschos et al. 2024). Introduc-
ing β as a free parameter to determine the inverse slope is not
always possible due to insufficient coverage at those frequen-
cies. In practice, increasing β strongly increases the magnetic
field. Therefore, taking β = 0 gives a minimum magnetic field
strength estimate.

The pseudo-constant c14 is tabulated in Pacholczyk (1970)
and has a value of 4.65 × 1040 for a typical spectral index α =
0.75. For a source of solid angle Ωs, the SSA magnetic field (in
gauss) can be estimated to be

Bssa ∼ B sin θ ≈ 2.555 × 10−7
(
Ωs

arcsec2

)2 (
S ν
Jy

)−2

(5)

×


(
ν

MHz

)5 (
ν/νp

)−2β
, ν ≪ νp( νp

MHz

)5 (
ν/νp

)−2α
, ν ≫ νp.

The main practical issue for such a magnetic field estimation
is that the size of the synchrotron source is required to be
known, which can be difficult since the most apparent self-
absorption happens for the smallest sources. Fortunately, very
high-resolution images are available for 3CRR sources. We can
apply this method to the sources in the sample with the high-
est νp and obtain a very rough estimate of their magnetic fields
by approximating their solid angle using the maximum angu-
lar extent and a length to width ratio of 1:4. Equation (4) was
fitted to the SED data (including LBA measurement) to find
new νp and α that best fitted this function. Although the LBA
measurement itself cannot be used to evaluate Eq. (5) (since
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Table 3. Magnetic field from SSA.

Object Bssa β νp α LAS
(mG) (MHz)

3C 138 3.4 0.39 63.53 ± 4.42 0.54 0.81′′
3C 147 25.1 1.16 118.39 ± 14.82 0.65 0.94′′
3C 241 34.0 74.48 ± 3.70 0.99 0.94′′
3C 295 a 709 1.41 60.97 ± 14.45 0.72 6.85′′
3C 343 0.6 90.73 ± 6.79 0.61 0.25′′

3C 48 b 0.2 1.96 93.67 ± 10.44 0.75 0.39′′

3C 49 b 67.0 62.61 ± 6.98 0.68 1.19′′

Notes. Magnetic field estimations Bssa assuming SSA. The table also
summarizes other parameters for Eq. (5). LAS: largest angular size.
(a)∼1 G field strength, likely free-free absorption. (b)Turnover due to the
low-energy cutoff not ruled out.

58 MHz ∼νp), it is important in constraining the peak frequency
parameter. Magnetic field estimates are summarized in Table 3.

We limited the analysis to sources with a turnover at νp >
58 MHz to better constrain the absorbing part of the spectrum.
β was only allowed as a free parameter for SEDs where there is
a measurement below 40 MHz. For other sources β = 0 as the
inverse slope cannot be determined with the available data. The
νp values in Table 3 are the resulting values from fitting the data
to Eq. (5).

Besides self-absorption, two other explanations exist for
turnovers. One is due to the lack of electrons emitting at these
frequencies due to a low-energy cutoff in the electron population
N(E) ∝ E−δ, while the other is free-free absorption. In an ideal-
ized case, low-frequency spectral turnovers due to a low energy
cutoff have a slope of α = −1/3 (Pacholczyk 1970), while SSA
has a slope of α = −5/2. All sources except 3C 48, 3C 49 and
3C 241 have significantly steeper inverted slopes between the
lowest available data points, therefore weakening the case for
the low-energy cutoff scenario. Ruling out free-free absorption is
difficult without additional data from X-ray or optical telescopes.
It is possible to determine the feasibility of SSA by comparing
the magnetic field to measurements from, for example, equiparti-
tion. Taylor & Perley (1992) argued that 3C 295 was more likely
turning over due to free-free absorption than SSA based on X-
ray and optical observations as well as the incompatibility of
the obtained Bssa with other methods. They claim 3C 295 to
have Bssa = 1 G, which is consistent with our 0.7 G, while the
equipartition magnetic field is around 1 mG, which is indeed a
discrepancy of three orders of magnitude.

However, our estimates for, for example, 3C 138 and 3C 147
are in fair agreement with equipartition estimates of respec-
tively 2 mG (Geldzahler et al. 1984) and ∼15 mG (Zhang et al.
1991). The low-frequency turnover of compact sources can be
seen as a problem; as they become faint they lose their value
as in-field calibrators for ultra-low-frequency VLBI data reduc-
tion. The exercise that we have carried out here shows the
usefulness of such sources and demonstrates that low-frequency
observations can be an important tool for estimating magnetic
field strengths in sources with a spectral turnover. Ultra-low-
frequency observations can also constrain the physical cause
of the observed turnover fairly well. As these spectrum peaks
occur mostly at ultra-low frequencies, performing more obser-
vations from, for example, LBA could lead to an increased use
of this method to estimate magnetic fields, both in resolved
and unresolved sources. In particular, decameter observations

with LOFAR (between 10 and 30 MHz; e.g., Groeneveld et al.
2024) could help in constraining the turnover, considering that
the lower one goes in frequency, the more sources will show a
turnover.

6. Conclusions

We have presented the first survey of the 3CRR catalog (Laing
et al. 1983) at ultra-low frequencies with data obtained using the
LOFAR LBA. Only a handful of these sources had previously
been observed with LOFAR at these frequencies. This survey
at 58 MHz provides total intensity maps for all 173 sources at
a median resolution of 15′′ × 15′′ and a typical rms noise of
10 mJy beam−1. Besides the radio maps, we have also made inde-
pendent flux measurements for all sources in the catalog and
have validated them against a carefully constructed SED made
up from selected literature sources. With this validation, we were
able to determine that the flux density scale of the LBA had no
systematic offset and that the average calibration error on flux
measurements is 9%, which we rounded up to 10% in the final
results. Fluxes in the catalog range from 8.6 Jy for 3C 343.1 up
to 2443 Jy for 3C 274 (M87).

All flux measurements and image statistics are published in
an accompanying catalog and a shortened version is presented
in Table C.1. This table also notes the flux density for almost
the entire catalog using data from yet to be released LoTSS
DR3 data. The systematic offset on the HBA fluxes was non-
negligible, with about a 5% underestimation of the total flux.
Finally, the table also provides the spectral index between the
two LOFAR frequency bands 58 MHz and 144 MHz, which is
on average 0.86.

With the addition of the LBA measurements to the SEDs, we
identified 55 sources that show hints of having a peaked spec-
trum at low frequencies based on the SED fits. This is 33% of the
sample. For the sources with the most evident turnover happen-
ing at frequencies above 58 MHz, we were able to estimate the
magnetic field in the emitting regions, assuming that the turnover
is due to SSA. We did not investigate the possibility of the occur-
rence of free-free absorption instead of SSA; however, we were
able to exclude the existence of a simple low-energy cutoff in the
plasma. The analysis adopted here could be used for any of the
other sources for which the fitted SED has a peak frequency, but
since there is not enough data below 58 MHz it is impossible
to make any sensible estimate of a magnetic field. More obser-
vations at 58 MHz, as well as down to decameter wavelengths
(10 MHz), are necessary to increase the sample of sources and
make such an analysis possible. Given the low resolution of the
LBA with Dutch baselines and that the source size needs to be
known to estimate a magnetic field, we would need VLBI obser-
vations with LOFAR LBA international stations so that we do
not have to rely on high-frequency data for the analysis.

This survey also provides a selection of extended sources
that have a lot of scientific potential in their own right. In an
upcoming work, we will use the maps of a subsample of the
25 most extended sources complemented by LoTSS (Shimwell
et al. 2019) and three Rapid ASKAP Continuum Survey (RACS)
bands (McConnell et al. 2020; Duchesne et al. 2023) to study
their resolved spectral properties. We will construct resolved
spectral index maps of these extended sources down to 58 MHz,
something that has only been done for four sources in the catalog
to date. These resolved maps will also provide an opportunity to
study whether conventional spectral aging models, which have
been tested extensively at higher frequencies, hold up at the
low-frequency end of the spectrum.
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Data availability

The full version of Table C.1 is available at the CDS via
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/
704/A65. The FITS format images of the full survey of the
3CRR catalog at 58 MHz will be made available via the LOFAR
Surveys website https://lofar-surveys.org.
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Appendix A: Final maps of the 3CRR catalog

3C 6.1 3C 9 3C 13 3C 14 3C 16 3C 19

3C 20 3C 22 3C 28 3C 31 3C 33 3C 33.1

3C 34 3C 35 3C 41 3C 42 3C 43 3C 46

3C 47 3C 48 3C 49 3C 55 3C 61.1 3C 65

3C 66B 3C 67 3C 68.1 3C 68.2 3C 76.1 3C 79

3C 83.1B 3C 84 3C 98 3C 109 3C 123 3C 132

3C 138 3C 147 3C 153 3C 171 3C 172 3C 173.1

Fig. A.1. Radio maps of 3C sources. The color map is not indicated and varies depending on the surface brightness of the source. The beam is
indicated for each map. The physical scale bar denotes 200 kpc with the exception of 3C 231 and 3C 272.1 (10 kpc), and 3C 274 and 3C 386
(100 kpc).
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3C 175 3C 175.1 3C 181 3C 184 3C 184.1 3C 186

3C 190 3C 191 3C 192 3C 196 3C 200 3C 204

3C 205 3C 207 3C 208 3C 212 3C 215 3C 216

3C 217 3C 219 3C 220.1 3C 220.3 3C 223 3C 225B

3C 226 3C 228 3C 231 3C 234 3C 236 3C 239

3C 241 3C 244.1 3C 245 3C 247 3C 249.1 3C 252

3C 254 3C 263 3C 263.1 3C 264 3C 265 3C 266

3C 267 3C 268.1 3C 268.3 3C 268.4 3C 270.1 3C 272.1

Fig. A.1. Continued.
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3C 274 3C 274.1 3C 275.1 3C 277.2 3C 280 3C 284

3C 285 3C 286 3C 287 3C 288 3C 289 3C 292

3C 293 3C 294 3C 295 3C 296 3C 299 3C 300
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Appendix B: SEDs of objects in the catalog
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Fig. B.1. Synchrotron spectrum for all sources in the catalog. Legend is the same as Fig. 4.
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Fig. B.1. Continued.
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Fig. B.1. Continued.
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Fig. B.1. Continued.

Appendix C: Summary of the 3CRR catalog observed at 58 MHz

Table C.1. 3CRR catalog (extract).

Object RA Dec z S 58 MHz σS Resolution σrms S 144 MHz α144
57

name (J2000) (J2000)
[h:m:s] [d:m:s] [Jy] [Jy] [′′ × ′′] [mJy beam−1] [Jy]

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
3C 6.1 0:16:31.23 +79:16:50.38 0.840 31.0 3.1 13.8 × 10.5 9.2
3C 9 0:20:25.22 +15:40:54.80 2.020 50.2 5.0 15.6 × 9.7 10.3 18.6 1.08
3C 13 0:34:14.56 +39:24:16.67 1.351 33.1 3.3 14.1 × 8.3 10.4 14.5 0.91
3C 14 0:36:06.44 +18:37:59.12 1.469 31.2 3.1 16.0 × 9.6 8.7 13.6 0.91
3C 16 0:37:44.57 +13:19:54.98 0.406 31.2 3.1 20.6 × 9.6 15.3 12.6 0.99
3C 19 0:40:55.02 +33:10:07.32 0.482 27.5 2.8 11.1 × 6.0 13.7 9.6 1.15
3C 20 0:43:09.18 +52:03:36.11 0.174 86.5 8.6 13.9 × 9.4 9.0 46.8 0.67
3C 22 0:50:56.22 +51:12:03.42 0.936 59.5 6.0 12.6 × 8.4 15.0 16.6 1.40
3C 28 0:55:50.61 +26:24:37.48 0.195 64.3 6.4 13.6 × 8.7 8.8 22.6 1.14
3C 31 1:07:24.97 +32:24:45.11 0.017 43.7 4.4 26.1 × 16.5 10.5 22.5 0.73
3C 33 1:08:52.87 +13:20:14.35 0.061 127.1 12.7 15.2 × 9.9 13.4 52.8 0.96
3C 33.1 1:09:44.27 +73:11:57.34 0.181 44.4 4.4 14.1 × 12.1 10.0 24.6 0.64
3C 34 1:10:18.67 +31:47:20.47 0.690 42.8 4.3 15.3 × 8.8 8.5 15.2 1.14
3C 223 9:39:52.76 +35:53:58.96 0.137 41.0 4.1 14.5 × 14.5 10.5 20.1 0.78
3C 225b 9:42:15.35 +13:45:49.57 0.583 55.6 5.6 31.6 × 8.2 14.1 17.9 1.24
3C 274a 12:30:49.42 +12:23:28.03 0.0043 2443.0 244.3 20.2 × 8.0 27.5

...

Notes. Illustrative selection of the summary of the entire catalog from this work. (4) The redshift of the object taken from the NASA Extragalactic
Database, (5) Measured integrated flux density in Jy on the SH flux scale, (6) 10% total uncertainty on the flux estimate, (7) Resolution of the
produced total brightness maps, (8) rms noise of those maps, (9) Dynamic range of final image defined as the ratio of the peak flux to the lowest
pixel value, (10) estimated angular size of the sources in our data & (11) integrated spectral index of the source fitted from a power law. (a)Also
known as Virgo A or M87
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