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Chapter 6
A LOFAR search for AGN radio relics
around young radio sources

If you gaze long enough into an
abyss, the abyss will gaze back
into you.

– Friedrich Nietzsche
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Abstract
We know of a number of cases of radio relics around Compact Steep Spectrum (CSS) or Gigahertz
Peaked Spectrum (GPS) sources. These active objects are considered to be young radio sources
which are embedded in the ISM of their host galaxies. Studying the properties of the radio relics
around them can help us to put firmer constraints on their Active Galactic Nuclei (AGN) duty
cycle(s) and determine whether there are any intrinsic differences between AGN properties of
CSS / GPS sources and larger radio galaxies.

We outline the results of a first systematic search for radio relics around CSS and GPS
sources using the LOw Frequency ARray (LOFAR) telescope’s Multifrequency Snapshot Sky
Survey (MSSS). We are using several source samples: flux limited CSS and GPS source samples,
and a volume limited GPS source sample.

For these samples, no relic detections were made down to the noise limit of the MSSS survey.
This result may mean that radio relics around compact sources are fainter than what we can
detect with the MSSS, but it may also point towards more fundamental reasons which are
consistent with previous results that large scale AGN radio relics around compact sources are
scarce.

A. Shulevski, P. D. Barthel, R. Morganti
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6.1 Introduction

Compact Steep Spectrum (CSS) and Gigahertz Peak Spectrum (GPS) sources are
thought to represent the initial observable stages of an Active Galactic Nucleus

(AGN) radio phase (Fanti et al. 1990; O’Dea 1998). The sources are in the process of
expanding through the Interstellar Medium (ISM) of their host galaxies and depending
on their jet power, on the ISM properties (density) and on the duration of the AGN
activity, may grow to become large radio galaxies.

Although the present active phase of radio activity has started recently in these
objects (< 105 − 106yrs. ago), it may be the latest active episode in an ongoing duty
cycle. Therefore, looking for diffuse emission around CSS / GPS sources may uncover
relics of previous phase(s) of AGN activity, helping us to constrain the time scale of their
duty cycle.

Remnants of past AGN activity episodes have been observed around GPS/CSS sources
(Stanghellini et al. 2005; Shulevski et al. 2012), suggesting that a more systematic survey
could uncover more similar structures. Existing surveys are relatively shallow; the VLSS
has an image noise level of 100 mJy beam−1 at a resolution of 80′′ while the WENSS has
a noise level of around 3 mJy beam−1 and a resolution of 54′′ × 54 csc(δ)′′.

We have used the LOw Frequency ARray (LOFAR, van Haarlem et al. 2013) Multifre-
quency Snapshot Sky Survey (MSSS; Heald et al. 2014, submitted)1 to search for diffuse
emission around the sources in three samples described below. The MSSS is designed to
cover the whole northern sky at the frequencies of the LOFAR low band and high band
antennas (LBA and HBA). We have used the HBA part of the survey, centered on 140
MHz, having a bandwidth of 64 MHz. As discussed previously, AGN radio relics may be
identified by a combination of their morphological characteristics and spectral properties.
They have steep spectra2 at higher frequencies (α < −1.5, Murgia et al. 1999), which
makes them brightest at low frequencies. Consequently, the MSSS is very well suited for
the search we wish to perform.

6.2 MSSS data
The MSSS survey is using the core stations of the LOFAR telescope. Consequently, it
has low spatial resolution of around 2.5′ and a theoretical thermal noise level of around 1
mJy beam−1, reached in 14 minutes of total observing time per field. The reported image
noise measured in the MSSS verification field (MVF) is around 5mJy beam−1 (Heald et
al. 2104, submitted), better than VLSS3 and comparable to the noise of the WENSS4.
The spatial resolution of MSSS is lower than that of either VLSS or WENSS.

We are searching for extended diffuse emission, so in principle we benefit from the
coarser resolution which enables us to detect diffuse emission, although we do not know
in advance the size of the relics we expect to find. The coarse resolution of the MSSS can
blend possible relics with the CSS/GPS source to which they are associated. Some of the

1 http://msss.astron.nl/
2 S ∝ να
3 VLSS (Cohen et al. 2007) is the VLA Low frequency Sky Survey carried out at a frequency of 74

MHz
4 WENSS stands for the Westerbork Northern Sky Survey carried out at a frequency of 325 MHz

(Rengelink et al. 1997)
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(a) MSSS sensitivity (b) MSSS resolution

Figure 6.1: Comparisons between MSSS sensitivities (left) and resolutions (right) with
those of other existing radio surveys. In the left-hand panel, dashed lines indicate rep-
resentative spectral indices α = −0.7 and α = −1.4. The solid black lines illustrate the
frequency dependence of the sensitivity in the 8 bands in each of the LBA and HBA
survey segments, while the black stars show the frequency-averaged sensitivity. In the
righthand panel, the downward-pointing arrows indicate that the angular resolution of
the initial MSSS catalog is limited with respect to the capabilities of the visibility data.
Processing the full array will improve the survey performance. Reproduced from Heald
et al. (2014, submitted).

sources under investigation are very bright compared to the expected surface brightness
of the relic structures, so deconvolution artifacts introduced during the imaging could
limit our sensitivity.

We have constructed two source samples:

• A flux limited sample (S150 > 1Jy) of CSS and GPS sources (Fanti et al. 2000)

• A volume limited GPS source sample with z < 0.12 taken from Labiano et al.
(2007)

Adopting a cosmology with H0 = 73 km s−1Mpc−1, ΩM = 0.27, ΩΛ = 0.73, and an
average beam size of the MSSS to be 150′′ we can calculate (Wright 2006) the linear
extent of the beam, giving the physical resolution we achieve. Several values are presented
in Table 6.1. Any relics with a smaller size or separation from their CSS/GPS source
will not be resolved.

We have performed a visual search around the source position in image mosaics
produced from MSSS pointings covering the entire HBA band. In our study, we have
measured the r.m.s. noise of the image in the vicinity of the target source, where we
find noise values which are in general a factor of a few higher than what is reportedly
measured in the MVF. The image noise is expected to improve in the final release of the
MSSS. For each of the sources in our samples we have also calculated the MSSS - NVSS5

5 NVSS is the NRAO VLA Sky Survey carried out at a frequency of 1.4 GHz (Condon et al. 1998)
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Table 6.1: Dimensions of a 150′′ beam
z Scale [kpc]
0.01 30
0.05 141
0.1 266
0.2 477
0.5 887
1 1173

spectral index, α1400
140 . We show our results in Table 6.2.

Table 6.2: Sample matching results. The flux densities are given in Janskys. The beam size
is the restoring beam of the MSSS mosaic image used for each entry.

ID z S140 σmos Beam S1400 α1400
140 Det.

Flux limited sample
CSS

3C 48 0.367 78.5 34.8 150.4′′ × 149.9′′ 16 -0.7 No
3C 67 0.310 13.5 18 157.6′′ × 157′′ 3 -0.6 No
3C 93.1 0.243 10.9 36.8 153′′ × 152.5′′ 2.4 -0.6 No
3C 138 0.759 29.8 107 154.3′′ × 153.8′′ 8.6 -0.5 No
3C 147 0.545 77.2 27.2 147.7′′ × 147.2′′ 22.9 -0.5 No
3C 213.1 0.190 8.1 13.4 152.8′′ × 152.3′′ 2 -0.6 No
3C 216 0.670 32.6 41.4 152.9′′ × 152.4′′ 4.2 -0.9 No
3C 236 0.1 23.2 32.6 161.2′′ × 160.7′′ 3.2 -0.9 Yes
3C 237 0.877 25 19.1 162.3′′ × 161.8′′ 6.5 -0.6 No
3C 268.3 0.371 16.6 26.3 143.5′′ × 143′′ 3.7 -0.6 No
3C 277.16 0.319 14.6 24.2 172′′ × 171.5′′ 2.3 -0.8 No
3C 299 0.367 34 17.8 275.5′′ × 275′′ 3.1 -1 No
3C 286 0.849 21.8 30.4 156.3′′ × 155.8′′ 14.9 -0.2 No
3C 303.17 0.267 14.6 39.3 144.2′′ × 143.7′′ 1.9 -0.9 No
3C 309.1 0.905 34.7 17.5 149.3′′ × 148.8′′ 7.5 -0.7 No
3C 343.1 0.750 14 23.6 172.3′′ × 171.8′′ 4.6 -0.5 No
3C 346 0.161 11.3 19.9 154.8′′ × 154.3′′ 3.7 -0.5 No
3C 380 0.692 84.1 41.8 135′′ × 134.5′′ 13.7 -0.8 No
3C 455 0.540 9.6 45.8 173.9′′ × 173.4′′ 2.7 -0.5 No
B2 0258+35 0.117 4.8 11.9 151.8′′ × 151.3′′ 1.8 -0.4 No
B3 1128+455 0.404 7.2 17.5 142.4′′ × 141.9′′ 2 -0.5 No
B3 1233+418 0.250 2.9 16.6 154.9′′ × 154.4′′ 0.7 -0.6 No
B3 1445+4107 0.195 1.4 38 186.7′′ × 186.2′′ 0.4 -0.5 No
B3 1201+3947 0.445 2 55.8 157′′ × 156.5′′ 0.5 -0.6 No
4C 30.19 0.091 2.4 21.7 151.4′′ × 153.6′′ 0.4 -0.8 No
4C 39.29 0.210 6.2 19.3 143.6′′ × 143.1′′ 1.4 -0.6 No
4C 39.32 0.361 3.4 13.9 143.6′′ × 143.1′′ 0.6 -0.7 No

6 Confused
7 Mosaic edge
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Table 6.2: Continued

ID z S140 σmos Beam S1400 α1400
140 Det.

GPS
4C 76.03 0.599 8 24.7 144.5′′ × 144′′ 5.6 -0.1 No
4C 14.41 0.362 1.5 31.9 162.3′′ × 162′′ 2.4 0.2 No
4C 32.44 0.368 4.5 18.8 154.5′′ × 154′′ 4.9 0 No
4C 12.5 0.121 3 20.5 180.8′′ × 180.3′′ 5.4 0.2 No
4C 62.22 0.429 1.6 14.9 152.2′′ × 151.7′′ 4.3 0.4 No
B2 2050+36 0.354 1.3 61.9 163.4′′ × 162.9′′ 5.1 0.6 No
PKS 0428+20 0.219 2.3 24.7 157′′ × 156.5′′ 3.7 0.2 No
DA 611 0.237 0.7 35.8 160′′ × 159.5′′ 2.3 0.5 No
7C 1031+5644 0.450 0.8 22 152.3′′ × 151.8′′ 1.8 0.3 No
PKS 1607+26 0.473 0.6 17.9 147.8′′ × 129.8′′ 4.9 0.9 No
J1245+676 0.107 0.6 20 171.7′′ × 171.2′′ - - Yes

Volume limited sample
GPS

4C 31.04 0.06 2.6 38 150.4′′ × 149.9′′ 2.6 0 No
071509+4522258 0.042 - 10.5 151.7′′ × 151.2′′ - - No
073328+5605418 0.104 - 164 182.5′′ × 182′′ 0.3 - No
090615+4636188 0.085 - 19.5 153.7′′ × 153.2′′ 0.3 - No
093609+3313088 0.076 - 14.8 155.8′′ × 155.3′′ 0.06 - No
105731+405646 0.008 0.05 17.2 155.5′′ × 155′′ 0.04 -0.1 No
131739+411545 0.066 0.1 17.2 149.8′′ × 149.3′′ 0.3 0.5 No
132513+3955528 0.074 - 13.6 149.8′′ × 149.3′′ 0.06 - No
134035+4448178 0.065 - 15.2 148.2′′ × 147.7′′ 0.08 - No
OQ 2088 0.077 - 21.7 150.3′′ × 149.8′′ 0.8 - No
194553+7055508 0.101 - 14.3 147.2′′ × 146.7′′ 0.9 - No

6.3 Results and conclusions
We have detected two cases of extended emission in our sample (marked with a "Yes"
entry in the last column of Table 6.2). Both of them are giant radio galaxies (GRGs),
and are included in our flux limited samples.

The first detection are the outer lobes of 3C 236; we elaborate more on this source
in Chapter 7 of this thesis. The integrated flux density of the north-west lobe measured
by LOFAR is 5.5 Jy, and is detected well above the noise of the MSSS map. Due to its
large size, the structure of 3C 236 is well resolved.

The other detection, J1245+676, spans 13.6′ and its two outer lobes are well resolved
by MSSS. It has a GPS core which is not detected by MSSS, probably because it has
turned over and is too weak at 140 MHz. The core consists of an expanding compact
double source, estimated to be several hundred years old (Marecki et al. 2003). The
lobes have steep spectra: α1400

140 = −1.6 and α1400
140 = −2 for the north-eastern and south-

8 Not detected
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western lobe respectively, and are most probably relic radio lobes, remnants from a past
epoch of AGN activity.

From the sources included in the sample of Stanghellini et al. (2005), J0108+388 has
a size smaller than the MSSS beam size, and belongs to a GPS source too faint to be
included in our samples. Their other relic candidate (J0941− 080) is outside the MSSS
sky coverage. 4C 12.50, which also has an extended emission on an arcminute scale, is
not resolved by MSSS. The same holds for B3 1128+455.

Even though almost all of the sources in these samples were unresolved, the derived
α1400

140 spectral index for some of them (3C 216, 3C 299, 3C 303.1) is steep enough (α1400
140 ∼

−1) that it may point to the possibility that their small scale extended emission has relic
characteristics. The MSSS may be detecting additional emission (blended with the target
source) which was possibly resolved out in earlier studies of these sources.

We have not detected any other relics in the vicinity of the CSS and GPS sources
in our samples. How robust is this conclusion? Taking the case of B2 0258+35, it is a
CSS source showing twin jets and relic lobes extending out beyond its host galaxy (see
Chapter 2 of this thesis). The relic emission has a surface brightness of 0.5 mJy beam−1.
Assuming a relic spectral index of α = −1.5 and extrapolating the surface brightness
to the frequency of 140 MHz, we get a value of around 60 mJy beam−1 (accounting for
the different beam sizes of the maps). This is a 5σ value w.r.t the noise measured in the
corresponding MSSS map. The relic emission is large enough to be resolved by MSSS,
but we have no detection. Its case represents one of the best MSSS maps (lowest noise)
that we have. In Figure 6.2 we show the images of the detection in the case of J1245+676
and the non-detection for B2 0258+35.

(a) B2 0258+35 (b) J1245+676

Figure 6.2: Comparison of the non-detection in the MSSS map of B2 0258+35 and the
detection of the lobes of the GRG J1245+676. Contours in both images: (−2, 2, 3, 5)×σ.

There are several reasons which may explain our results. If the relics have spectral
breaks higher than the MSSS band (AGN activity stopped relatively recently), the as-
sumed spectral index in the simple calculation for B2 0258+35 is too steep, and the
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MSSS in this case is too shallow for a detection.
For the flux limited samples, our spatial resolution is on average 450 kpc. This means

that we are sensitive to large structures - the GRGs, which we indeed detect (only a
few cases, having extended emission with relatively high surface brightness, which MSSS
picks up despite the not so steep spectral index).

The volume limited sample contains weaker GPS sources. In this case we have better
spatial resolution, however Stanghellini et al. (2005) find that large scale emission asso-
ciated with GPS sources is uncommon and that the time interval between subsequent
active episodes is longer than the duration of the active episode.

On the other hand, the case study of Konar et al. (2013) on two double-double radio
galaxies, finds that the dormant stage in radio AGN activity lasts a few percent of the
time the AGN is active.

Having all of the above in mind, the lack of relic detections might mean that they
fade fast (a few Myr), they have smaller sizes than we assume, or that the duty cycle of
CSS and GPS sources is short.

The MSSS data may be re-processed to include all of the LOFAR Dutch stations.
This would be a challenge, but the benefits are worthwhile. In that case, the resolution
would be around 20′′, enough to put further constraints on our results (as would the
Tier2 LOFAR survey which is the planning stage).

Acknowledgements We are very grateful to George Heald and the MSSS team who have
allowed us to use MSSS data before the official survey release.


