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Surveys of the low frequency radio sky now under way using thenew LOFAR telescope are

especially suited to search for extended AGN radio relics. These relics are remnants from previous

cycles of AGN activity. As such, they are extremely interesting because through their studies we

can determine the time AGNs spend in their on and off phases of activity. This constrains the total

amount of energy delivered by AGNs into the interstellar/ intergalactic environment, thus giving

us a handle on estimating the impact AGNs make in galaxy evolution. Also, a detailed study of

this AGN duty cycle may shed light on the accretion mechanisms responsible for the activity.

We present two cases of AGN radio relics, one discovered in data taken with the Westerbork

Synthesis Radio Telescope (WSRT) and another imaged by the Low Frequency Array (LOFAR).

We estimate the spectral index of the latter using our LOFAR image and radio survey data.
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1. Introduction

Evidence has been accumulating that active galactic nuclei(AGN) can have recurrent radio-
loud phases of activity (see for example Schoenmakers et al., 1999; Saikia & Jamrozy, 2009). Thus,
constraining the AGN duty cycle becomes very important since it’s a gateway for understanding
important physics. For example, the frequency of the activity can give us clues about the details
of the accretion mechanism which works on very small scales around the AGN "engine" - a super
massive black hole. In addition, the AGN cycle of activity determines the total energy returned to
the interstellar and the intergalactic medium (ISM and IGM)in the radio loud phase of the life of a
radio source. This "AGN feedback" affects the processes of galaxy formation and evolution.

Remnants of previous phases of AGN activity must be observedat lower frequencies, since
as time passes the radiating particles (mostly electrons) lose energy and consequently their syn-
chrotron spectrum steepens (e.g. Jaffe & Perola, 1973; Kardashev, 1962; Murgia et al., 1999). In
this proceeding we present two such cases. Section 2 discusses the radio relic which was discov-
ered around the radio source B2 0258+35, hosted by the S0 galaxy NGC 1167. This source was
observed with the WSRT for purposes of HI study. Imaging the continuum data from this observa-
tion has uncovered the relic emission. Section 3 gives an overview of the LOFAR imaging of the
B2 0258+35 radio source and its surroundings. This was a targeted observation attempting to de-
tect the relic discussed in Section 2 at lower frequencies. In Section 3 we are looking more closely
at another extended source in the obtained image - 4C 35.06 (associated with the core of the Abell
cluster A 407). The LOFAR observations have uncovered an extension in one of the lobes. We
present the spectral index study done using our LOFAR data. Throughout this writing, we define
the spectral indexα like: S ∝ να.

2. B2 0258+35

B2 0258+35 was observed with the Westerbork array at 1.4 GHz. For details about the observ-
ing setup, data and reduction, see Shulevski et al. (2012). It is hosted by NGC 1167, a fascinating
galaxy, containing also a huge HI disc with MH I = 1.5 ·1010 M⊙ and diameter of 160 kpc (Struve
et al., 2010a). A radio relic thought to originate from a previous stage of radio activity was discov-
ered extending over 240 kpc around the host galaxy. Interestingly, there is a young Compact Steep
Spectrum (CSS) radio source active at a scale of< 1kpc signifying current activity of the AGN.
The orientation of the CSS source matches that of the lobes ofthe larger relic (Figure 1).

Relics such as these are expected to have steep radio spectra, i.e. they appear more prominent
at lower frequencies. This is a consequence of the fact that high frequency synchrotron radiation
is radiated by charged particles with higher energy. As the time goes by (if there is no replenish-
ment of these particles), only the low energy particles still radiate - at lower frequencies. Using
observations over many different frequencies, we can estimate the age of the relic emission and
thus determine the time at which the AGN activity ceased at that epoch (e.g. Murgia et al., 2011).
We have observed B2 0258+35 at 325 MHz using the WSRT for 12 hours, and we were unable to
detect the relic. The non-detection sets a limit to the spectral index ofα > −1.5, which in turn may
indicate that some sort of replenishing of the radiating particles is at work. Since at present we
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Figure 1: Left: continuum image of the diffuse emission around B2 0258+35. The synthesized
beam is indicated with the ellipse at bottom left. The intensity ranges from 100µJy (1σ) to 2 mJy
(20σ). Right: 21-cm HI total intensity image showing the extent of the HI disk (red) superposed
onto a DSS2 optical image of NGC 1167. Scale as indicated.

have flux density measurements of the relic only around 1.4 GHz, we can not employ synchrotron
aging models to determine its age. We can get an approximate value for the age by using buoyancy
arguments (Churazov et al., 2001). During the active AGN phase, the radio jets inflate lobes of
plasma which push into the IGM. In this process, the mechanical energy of the expanding lobes
does work against the pressure of the IGM, and the final size ofthe relic will depend on its radio
power and the properties of the IGM. By measuring the size of the relic lobes, and making reason-
able assumptions about the nature of the IGM, we can estimatethe time it took for the relic to attain
its present size. Using this argument, we have found its age to be around 8·107 years (Shulevski et
al., 2012).

The source of accreting material for the AGN is also a mystery. The HI disk kinematics show
no disturbances, indicating that the current episode of AGNactivity is not a consequence of a recent
merger or accretion of small galaxy companions. In addition, Emonts (2006) did not find evidence
for a (merger related) star-burst in NGC 1167 at least in the past Gyr. HI distributed in a circum-
nuclear disk and an outflow in the core of NGC 1167 was observedby Struve et al. (2010a) against
the radio continuum emission. We can speculate that this HI ring can be the source of the accreting
gas. To get a clearer picture of the dynamics of the HI in the core region, we have observed the
core of NGC 1167 looking for HI in absorption against the core continuum using the European
Very Large Baseline Interferometry Network (EVN). The datareduction is in progress at the time
of this writing. In addition to this, gas supplied by coolingof the hot X-ray halo (Hardcastle, Evans
& Croston, 2007) or by stellar winds can be feeding the AGN.
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3. 4C 35.06

The next logical step would be to study the relic in B2 0258+35 using the LOFAR telescope.
So far, only a relatively shallow observation could be performed as part of the comissioning phase
of observations with the array. B2 0258+35 and the area around it were observed at frequencies
around 61 MHz with 5 MHz bandwidth in hopes of detecting the relic. In 8 hours of observing
time, we have reached a noise level of around 30 mJy beam−1. The resulting image (centered
on B2 0258+35) is given in Figure 2. The relic was not detected during this attempt, but we are
confident that this will be possible in the near future. We estimate that the LOFAR observation puts
a limit on the spectral index of the relic ofα1400

61 > −1.3 (consistent with what we have estimated in
Section 2 above).

Figure 2: LOFAR intensity image (3 x 3 degrees, beam size: 48"x 43") of the field centered on B2
0258+35. The radio source 4C 35.06 is about half a degree to the north. The image is saturated to
better show fainter structures.

We have detected 4 extended radio sources (NVSS J0307+3529, NVSS J0252+3556, NVSS
J0300+3520, 4C 35.06), the most prominent of which is 4C 35.06, located about half a degree
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Figure 3: LOFAR contour image of 4C 35.06. Contours are drawnat: (-6, 6, 9, 12, 30, 51)σ.
Negative contour levels are dashed. The spectral index measurement regions are marked in red,
and the synthesized beam is outlined in blue. The inset showsa 1.55 GHz VLA contour map of the
central region, and the accompanying plots give the spectral index measured for each of the marked
regions.

north of the target. 4C 35.06 is an intriguing radio source, identified with the multi-core cD galaxy
UGC 2489 which is part of the core of the galaxy cluster Abell 407. The source can be divided
in at least four aligned components apart from the core (labeled A, B, C and D - with the aim of
studying their spectral index), as can be seen in Figure 3.

We can expect that the regions of the source farthest from thecenter should be remnants of
older AGN outbursts of activity. To quantify this, we have studied the details of the change in
spectral index along the lobes of 4C 35.06 using our LOFAR image, and images from the VLSS,
WENSS and NVSS radio surveys. Four distinct regions were measured, encompassing inner and
outer parts of the nortwestern and southeastern lobes (C, D and A, B respectively). Care has been
taken to define the measurement regions such as they fall in areas where flux in the LOFAR, VLSS,
WENSS and NVSS images is above 3σ respectively. Exception from this rule are the regions A
and D where there is no detection in NVSS, so the measured fluxes are only upper limits. It’s worth
to note that using LOFAR we have confirmed the detection of an outermost northwestern lobe
(identified with region D) which was only hinted at in VLSS data. This suggests the possibility of
it having a very steep spectral index, signifying the oldestobservable signature of AGN activity in
this source. The derived spectral indices for each region are given in the lower left corner of the
plots in Figure 3.

It can be seen that the spectral index of the lobes increases as one moves away from the central
region, which is an expected trend if the outermost lobes trace the oldest episode of activity of the
AGN. Further, the LOFAR detection (identified with region D)has the steepest spectral index.
Note that the spectral index was determined by a simple power-law fit to the data, which does not
reflect a possible presence of a spectral curvature. In the future, we will have better frequency cov-
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erage (including the High Band Antenna (HBA) range of LOFAR frequencies spanning 120 MHz
- 240 MHz), allowing us to do this procedure in more detail. Identifying break(s) in the frequency
spectrum can provide us with constraints on the age of the emitting plasma as well as give us limits
to the duration of the active and inactive periods of the AGN.

Studying steep spectrum sources is also important because they include young CSS sources (in
some cases their spectra can turn over at lower frequencies). These sources are thought to be in the
beginning stages of life leading to a full fledged radio galaxy, and if their spectra show a turnover,
the turnover frequency is correlated with their size. With this in mind, we have explored the prop-
erties of unresolved sources in the imaged region of the sky around B2 0258+35. Specifically, to
determine their spectral shapes and whether we can detect steep spectrum sources. To do this, we
have taken all 5σ detections in the LOFAR image and matched them to sources in the WENSS
and NVSS catalogs. The total number of sources matched was 90. Then, we’ve determined their
α

325
61 (LOFAR / WENSS),α1400

325 (WENSS/ NVSS) andα1400
61 (LOFAR / NVSS) spectral indices.

Plotting the WENSS-NVSS vs. the LOFAR-WENSS spectral indexas shown in Figure 4 allows
us to investigate the curvature of the spectra. We can see onesource with a turnover in its spec-
trum. LOFAR surveys will help us uncover more of these sources and we can use the the turnover
frequency to examine the nature of the medium surrounding the source (distinguishing between
free-free and synchrotron self absorption).

Figure 4: Curvature plot (WENSS-NVSS vs. LOFAR-WENSS spectral indices for the field cen-
tered at B2 0258+35).

We have detected 11 ultra steep spectrum sources (USS) withα
1400
61 < −1 (corresponding to

points in the lower left region of Figure 4). They are among the USS sources reported by de Breuck
et al. (2000). This is just a taste of things to come when usingLOFAR to the best of its abilities for
high dynamic range, wide-field imaging at low frequencies.
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4. Conclusions

We have shown a detection of a relic candidate around the young CSS source B2 0258+35.
These type of sources will be increasingly seen in deep LOFARobservations and we can use
them to investigate the low-frequency properties of relic or relic-like sources and determine source
properties tying into the duty cycle of the AGN. We have also outlined how low frequency surveys
can be exploited to produce valuable insights into source properties of interest.
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