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114 chapter 8: Summary and future prospects

them. High resolution, high dynamic range imaging is a prerequisite. Ways ahead include
re-processing of the MSSS data including longer baselines, or using deeper observations.
The large LOFAR FoV makes these deep pointings a rich hunting ground for relics as we
have shown in this thesis.

In addition, the way in which the various source components, i.e. substructure in
the AGN radio relics influence the integrated flux density spectrum of these sources and
the derived ages were discussed in Chapters 4 and 5. These considerations help us to
avoid mistakes when using spectral shapes to classify sources and point to a technique
of quickly picking up relics from future surveys. Enlarging our samples of relics would
allow us to further refine this technique.

The selection techniques used for finding new relics are an important issue. Our results
show that having access to high frequency complementary data sets (in sensitivity and
spatial resolution) is essential. Morphological selection of relics can be unreliable. The
integrated flux density spectrum can be a good tracer not only of relic sources, but give
valuable insight into their current activity.

In an era when radio astronomy is using novel instruments like LOFAR, opening the
low frequency curtain to the universe and gearing up for the Square Kilometre Array
(SKA), there is plenty of science to be done, and the challenges which the AGN radio
relics present are worthy of the capabilities of these powerful new facilities.



Appendices

We have included as appendices analyses connected to the content presented in this writ-
ing.

The first appendix analyses the source properties in the field around the CSS source
B2 0258+35 which we have studied in Chapter 2.

The second appendix lays out the clock/TEC fitting procedure performed on the data set
taken for Chapter 4. The procedure was performed as part of the LOFAR commissioning
efforts.

The third and final appendix outlines a recent case of mis-identifying a radio source struc-
ture as a consequence of not taking instrumental effects into account when interpreting
interferometric images.
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Appendix A
Radio sources in the LOFAR field
centered on B2 0258+35

We shall not cease from
exploration, and the end of all
our exploring will be to arrive
where we started and know the
place for the first time.

– T. S. Eliot

A.1 Motivation

The large instantaneous field of view of the LOw Frequency ARray (LOFAR; van
Haarlem et al. 2013) telescope (around 4◦×4◦ at 60 MHz in the LBA band) encom-

passes many sources in the vicinity of the target of a particular pointing. Such a large
FoV can almost be considered a "mini-survey", since it covers an area of the sky much
larger than other facilities at comparable spatial resolution.

We have performed spectral index studies on the sources found in the area around
the B2 0258+35 Compact Steep Spectrum (CSS) source. This source was observed with
LOFAR as part of follow-up studies related to the study elaborated in Chapter 2 in this
thesis. The details of the LOFAR observation and data reduction are given in Chapter
3 of this thesis. We have observed in the LOFAR LBA band, around 60 MHz.

A.2 Results
The central part of the resulting LOFAR image is presented in Figure A.1.
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Figure A.1: Final LOFAR image. B2 0258+35 is in the phase center.

We have compared the LOFAR image to VLSS1 and NVSS2 survey maps and a 1400
MHz deep Westerbork Synthesis Radio Telescope (WSRT) image centered on the target,
described in Chapter 2 of this thesis. We have performed our studies on a 3.5◦×3.5◦ region
around the phase center. The properties of the images we have used are summarized in
Table A.1:

A.2.1 Source extraction
The PyBDSM package (Ramanujam 2007) was used to extract sources from our images;
the source counts are presented in Table A.1. We have matched the positions of the
sources in the source catalogs by using a 80′′ match radius around each source position.
Out of the 40 sources detected in the VLSS image, we find 35 matches between LOFAR
1 VLSS (Cohen et al. 2007) is the VLA Low frequency Sky Survey carried out at a frequency of 74

MHz
2 NVSS stands for the NRAO VLA Sky Survey carried out at a frequency of 1.4 GHz (Condon et al.

1998)
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Table A.1: Comparison of the data sets
ID ν[MHz] ∆ν[MHz] Beam size σ[mJy/b] Source count

LOFAR 61 6 48.2′′ × 43′′ 30 (img. avg.) 98
VLSS 74 - 80′′ × 80′′ 100 40
NVSS 1400 - 45′′ × 45′′ 0.4 479
WENSS 325 - 96′′ × 54′′ 3.6 147
WSRT 1400 20 38.8′′ × 33.1′′ 0.2 -

and VLSS. Taking possible mis-matches into account, we can say that all of the sources
which were part of the initial VLSS calibration skymodel were recovered in the LOFAR
image.

A.2.2 Position accuracy

We have compared the sky positions of the sources detected using PyBDSM between our
LOFAR and NVSS catalogs, as well as between the NVSS and WENSS3 catalogs. The
results are shown in Figure A.2. It can be noted that there are source position differ-
ences on the order of a few arcseconds. There is, however, a trend in the LOFAR/NVSS
comparison that the sources are shifted in declination on average by 2′′. Ionospheric dis-
tortions might explain some positional differences, but the systematic shift is surprising.

A.2.3 Spectra

We have calculated the α1400
62 (LOFAR/NVSS) spectral index4 for the matched catalog

sources. The results are given in Figure A.3.
Using a 5σ detection threshold, we have found 10 sources with α1400

61 < −1. Table
A.2 summarizes their properties.

By plotting α325
61 vs. α1400

325 , we get a "color-color" plot (Figure A.4) for all of the
sources which were identified (as matches based on their sky position) in the LOFAR
image, and extracted from WENSS and NVSS catalogue images.

Not all of the sources which are marked as steep spectrum ones in Figure A.4 are
listed in Table A.2 and vice versa. The reason for this is that some sources were excluded
from a combined match across all of the catalogs.

Figure A.5 shows the α1400
61 spectral index vs. the LOFAR flux for sources detected

as matches both in the LOFAR image and the NVSS catalog. We detect a slight spectral
flattening towards lower flux levels (in line with the findings of Intema et al. 2011, however
we should be careful of over interpreting our initial results).

In Figure A.6 we have matched the LOFAR steep spectrum sources listed in Ta-
ble A.2 with DSS/Sloan Digital Sky Syrvey (SDSS, Aihara et al. 2011) DR8 imaging.
J030328+343738 and J030325+354620 have particularly interesting optical counterparts.

3 WENSS stands for the Westerbork Northern Sky Survey carried out at a frequency of 325 MHz
(Rengelink et al. 1997)

4 defined as: S ∝ να
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Figure A.2: Position errors in α[′′] and δ[′′] between the LOFAR, NVSS and WENSS
source catalogs.
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Figure A.3: NVSS - LOFAR Flux Comparison for source detection thresholds of 5σ.

Table A.2: Steep spectrum sources

ID αJ2000 [h:m:s] δJ2000 [◦:′:′′] S61 [Jy] S325 [Jy] α1400
61 α1400

325

J031054+3644011 03:10:55 36:44:08 2.38 0.163 -1.43 -1.702

J030710+355006 03:07:11 35:50:12 0.65 0.038 -1.34 -0.94
J030604+333630 03:06:05 33:36:40 1.05 0.149 -1.05 -0.9
J030547+35251313 03:05:47 35:25:17 0.67 0.069 -1.24 -1.332

J030328+343728 03:03:28 34:37:24 0.46 0.043 -1.56 -1.7
J030329+362956 03:03:30 36:30:02 0.49 - -1.08 -
J030325+3546204 03:00:42 35:26:25 0.34 - -1.11 -
J030100+360511 03:01:00 36:05:20 0.35 0.029 -1.12 -0.68
J030048+3549464 03:00:48 35:49:47 0.64 - -1.26 -
J025819+355526 02:58:20 35:55:26 3.06 0.376 -1.05 -0.81
1 Ultra Steep Spectrum (USS) source according to de Breuck et al. (2000)
2 Taken from de Breuck et al. (2000)
3 Quasi Stellar Object (QSO), z = 3
4 Associated with the galaxy cluster Abell 407, z=0.0462
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Figure A.4: Color - color plot of α325
61 vs. α1400

325 spectral indices for matching sources in
the LOFAR, WENSS and NVSS source catalogs for the field studied. The source detec-
tion level is 5σ; the error bars for the spectral indices are obtained by propagating the
errors of the flux measurements. The red dashed line represents zero spectral curvature
(SPC = α325

61 − α1400
325 ).

A.2.4 NVSS Dropouts

We mark as "NVSS dropouts" those sources which are found in the LOFAR image catalog,
but absent in the NVSS survey catalog.

For a 5σ detection threshold and a match radius of 50′′we have identified two sources
as NVSS dropouts. Their properties are given in Table A.3.

Table A.3: NVSS Dropouts
ID α[h:m:s] δ[◦:′:′′] S61 [Jy]
J030104+3658241 03:01:04 36:58:24 0.11
J030050+3518322 03:00:50 35:18:32 0.24
1 mu = 22 SDSS galaxy at z=0.2
2 Close to a bright source
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Figure A.5: α1400
61 vs. LOFAR flux. The red dashed line represents a linear regression

to the data.

They are possible ultra steep spectrum sources α1400
61 < −1.5. Figure A.7 shows

optical cutouts (DSS/SDSS DR8) centered at the corresponding source position.

A.3 Diffuse extended sources
Apart from the diffuse extended emission source 4C 35.06 which we have studied in
detail in Chapter 3 of this thesis, we detect another four extended emission sources in
the LOFAR image.

Three of these, NVSS J025291+3556, J030027+354754 and J030653+352747, are
shown in Figure A.8.

The last extended source, J030026+352036, is detected as a slightly resolved source
by the WSRT but extended by LOFAR, which suggests that LOFAR is detecting an
extended, possibly relic emission. An overlay of WSRT (red) and LOFAR (black) con-
tours on a SDSSr optical image is shown in Figure A.9. The integrated spectral index is
α1400

61 = −0.87.
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Figure A.6: Optical thumbnails at the position of the steep spectrum sources listed in
Table A.2.
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Figure A.7: DSS/SDSS DR8 optical images of the NVSS dropouts.
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Figure A.8: DSS/SDSS DR8 optical images of the extended sources.



126 Radio sources in the LOFAR field centered on B2 0258+35
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Figure A.9: Comparison of a marginally resolved WSRT detection (red) with an ex-
tended LOFAR detection (black) of the J030026+352036 source overlaid on a SDSSr
image of its vicinity.



Appendix B
Clock/TEC fit on an interleaved
LOFAR HBA observation

I believe a leaf of grass is no
less than the journey-work of the
stars.

– Walt Whitman

A. Shulevski and M. Mevius
presented at the 18-th LOFAR Busy Week

17 - 21 June 2013, ASTRON

B.1 Introduction

The ionosphere, a layer of plasma at a height of around 200 km above the surface
of our planet acts as a refracting medium for the incoming electromagnetic waves

from cosmic sources. This makes observations over wide fields of view with low frequency
radio telescopes (such as LOFAR) especially challenging. The degree of ionization of the
ionosphere is expressed in a measure called the Totel Electron Content (TEC). Discerning
the ionospheric influence (and that of the clock signals sent to each LOFAR station) on
the phase calibration procedure for the array will enable their removal during calibration
and provide optimal imaging results.

The contribution of the ionosphere to the phase of the incoming radiation is a fre-
quency dependent phase term (TEC/ν). It is useful to know that for a given frequency
range, in order to avoid phase wrapping, the TEC contribution to the phase should be
less than 180◦:
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∆TEC · 8.4479745 · 109 ·
(

1
ν2
− 1
ν1

)
≤ π

here, ν1 amd ν2 (in MHz) mark the edges of the band, and the TEC of the ionosphere is
expressed in TEC units (TECU).

The goal of this test is to see whether we can perform an efficient clock and TEC
fit over the entire frequency band of an interleaved (2 min on calibrator, 15 on target)
LOFAR HBA observation. The details of the observation are outlined in Chapter 3 of
this thesis. The target is VLSS J1431.8+1331 and 3C 295 was used as a calibrator.

B.2 Clock - TEC fitting
We have solved for amplitude and phase for the calibrator pointing using a two com-
ponent model for 3C 295. We have split the frequency band in segments containing 20
channels each (obtained by concatenating 20 0.2 kHz sub-bands) and lasting one calibra-
tor "visit" which in our case was 15 minutes. The solution interval was set to 10 seconds.
We have obtained solutions per time chunk and per 20 sub-bands (SBs). Further, we
have concatenated the solutions in time, and have obtained a solution set for the entire
observing time on the calibrator. Then, we have concatenated in frequency these 20 SB
solution segments and have obtained a solution set spanning the entire frequency band
and observing time. Using it, we have performed a clock/TEC fit and have separated
the TEC and clock contributions over the HBA band. For the fitting function we have
used:

f(ν) = ∆TEC
ν

+ clk · ν

We show the results of the fits in Figure B.1.
CS031HBA(0,1) is bad as can be plainly seen from the fits and should be removed

from further consideration (this was already known from the observing logs).
What we can see is that the fitting works in the case of an interleaved observing

mode with sufficient confidence. However, we can still see that the fit suffers from jumps
(around 3 ns for the clock and 0.05 TECU for the TEC in the case of the core stations),
since it uses the previous solution interval as a starting point for the next solution, but
both the clock and the ionosphere contribute to the phase drift.

To see whether we can improve upon the result, we did a modified fit, fitting each
calibrator scan independently. We present the results in Figure B.2.

We can see that we get very slight improvement in the solution discontinuities between
calibrator scans. The fit generally finds the correct value, but intermittently there are
phase "wraps". The phase wraps are solutions of f(ν) on φ+2π, resulting in clock offsets
of 3 ns and TEC offsets of 0.05 TECU for the HBA band on the core stations. The
independent fit shows us that most of the core stations for most of the time have good
clock values recovered, and the phase wraps for some of the time.

However, the plot where the clock (TEC) is determined by taking the solution value
from the previous calibrator scan as a starting point shows more consistent behavior,
and we can identify phase wrapping (core) stations by the offset (0.05 TECU). Remote
stations are more complicated, as is to be expected, since they don’t share the same
ionospheric patch.
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(a) Clock, core stations (b) Clock, remote stations

(c) TEC, core stations (d) TEC, remote stations

Figure B.1: Differential clock and TEC fits.

B.3 Solution stability
We have performed a test to determine whether the transfer of the calibrator (amplitude)
calibration solutions affects the flux density levels of the target in the final image. The
transfer was done in three modes:

• 1:1, meaning that each target scan used its previous calibrator scan solutions to
correct the amplitudes of the data.

• 2:1, where calibrator solutions were applied to two subsequent target scans (ignoring
one calibrator scan after the one being transferred).

• 4:1, where 4 target scans had the same calibrator solutions applied.

The duration of a calibrator scan is 110 seconds and of a target scan 650 seconds
with a gap of 70 seconds in between. So, in the 1:1 scenario, we test the stability of the



130 Clock/TEC fit on an interleaved LOFAR HBA observation

(a) Clock, core stations (b) Clock, remote stations

(c) TEC, core stations (d) TEC, remote stations

Figure B.2: Independent differential clock and TEC fits.

solutions on timescales of about a minute, in the 2:1 case the stability timescale is about
25 minutes, and in the 4:1 scenario about an hour.

The test was done on a data set covering 1 MHz (5 SBs) in frequency and spanning
8 hours of combined calibrator and target scans with durations as noted above. The
results are given in Figure B.3.

The green contours in each image are plotted at a level of (−3, 6, 12)σ and the magenta
contour indicates the region used to measure the target flux density. We have measured
flux densities of 3.17, 2.98 and 3.01 Jy for the one minute, 25 minutes and one hour
timescales respectively, which indicates that the stability of the ionosphere was good at
the time of the observation. This suggests that we can observe a calibrator once per
hour, and maybe even less frequently (further testing is needed to demonstrate this).
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(a) Image noise, σ = 11.24mJy beam−1 (b) Image noise, σ = 14.20mJy beam−1

(c) Image noise, σ = 12.28mJy beam−1

Figure B.3: Solution stability effects on imaging.
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B.4 Conclusions and outlook
We have demonstrated that we can fit for the clock in the case of interleaved HBA
observations. The next step is to remove it from the target fields (correct for it during
calibration), as a step towards constructing a TEC screen.

Also, the solution stability seems good over (at least) a one hour period, which sug-
gests that we can gain better time coverage of the target by doing less frequent calibrator
scans.



Appendix C
The ghostly outer lobes of 4C 34.47

There are things known and there
are things unknown, and in
between are the doors of
perception.

– Aldous Huxley

C.1 Introduction

In what what follows, we elaborate on the reported discovery (Marecki & Rusinek
2014) of an outer pair of relic lobes connected to the quasar 4C 34.47. The linear

extent of these lobes is reported to be around 1.8 Mpc, which would make this a giant
radio quasar.

C.2 Discussion
Marecki & Rusinek (2014) were conducting a search for foreshortened Giant Radio Galax-
ies (GRGs). To do this, they have conducted a study of radio loud quasars with Mpc
sized radio morphologies. To do that, they have extracted a 10′ × 10′ cutout from the
FIRST1 and NVSS2 surveys. In the case of 4C 34.47 they have noticed an additional
pair of what seemed to be radio lobes oriented at an almost 45◦ angle w.r.t the known
lobes of the radio galaxy.
1 FIRST is the Faint Images of the Radio Sky at Twenty centimeters radio survey performed by the

VLA.
2 NVSS stands for the NRAO VLA Sky Survey carried out at a frequency of 1.4 GHz (Condon et al.

1998)
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4C 34.47 was studied a lot over the years; a detailed study of its polarization and
orientation (as it pertains to the unification scheme for quasars and radio galaxies) was
done by Hocuk & Barthel (2010). They have concluded that its size and orientation fit
within the unification framework.

We present the comparison between one of the VLA images (1471 MHz, σ = 0.08mJy
beam−1, 4.6′′× 3.8′′ resolution) of 4C 34.47 taken from Hocuk & Barthel (2010) and the
FIRST image taken from Marecki & Rusinek (2014) in Figure C.1.

(a) Taken from Hocuk & Barthel (2010) (b) Taken from Marecki & Rusinek (2014)

Figure C.1: 4C 34.47 image comparison.

The map of Hocuk & Barthel (2010) has sufficient dynamic range to detect the lobes
seen by Marecki & Rusinek (2014); the frequencies of the observations match, as well
as the resolution. Marecki suggest that Hocuk & Barthel (2010) miss the outer lobes
because of the (RA) extent of their maps.

We were intrigued by this discovery, so we have performed a visual inspection of
images made using the LOw Fequency ARray (LOFAR; van Haarlem et al. 2013) at 150
MHz as part of the Multifrequency Snapshot Sky Survey (MSSS; Heald et al. 2014,
submitted). We could see that the MSSS detects the previously known radio lobes of
4C 34.47 (Figure C.2), but the outer lobes reported by Marecki & Rusinek (2014) were
not detected. If they were steep spectrum relic lobes, MSSS should have been able to
detect them.

Another feature in the image of Marecki & Rusinek (2014) caught our attention;
there is a hint of another faint pair of lobes at the same distance from the radio core, but
aligned with the main lobes. This fact prompted us to inspect the FIRST survey image
of 4C 34.47, using a larger spatial slice. We show this image in Figure C.3.
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Figure C.2: 4C 34.47 field MSSS image.

We can see that the "lobes" are in fact image artifacts caused by the UV coverage of
the FIRST survey, and there are in fact more of them. Had the FIRST image cutout
of Marecki & Rusinek (2014) been larger, they would have noticed them. Following our
communication of these facts to the authors, they have retracted their paper.
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Figure C.3: 4C 34.47 field FIRST image.


