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Abstract. The radio spectrum of the relic radio galaxy B2 0924430 is investigated using integrated flux densities between 0.151
and 10.6 GHz, as well as images at 0.325, 0.609, 1.400 and 4.750 GHz. Allowing for synchrotron and inverse Compton losses
in this source, the observed spectral steepening yields a break frequency of ~7 GHz, implying a mean particle age of about
50 Myrs. The corresponding particle advance speed is of the order of 2000 km s~!. This relatively small particle lifetime
following the exhaustion of the central source can explain the paucity of such sources and implies that such objects would
easily escape detection if searched for in the cm wavelength regime.
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1. Introduction

Aged radio galaxies have seen increasing interest in recent
years because their investigation has become feasible at high
radio frequencies due to the improvements of sensitivity in ra-
dio astronomical measurements. To avoid misunderstandings
and confusion in commonly used names of extended low-
brightness and steep-spectrum radio sources associated with
clusters of galaxies we follow the taxonomy proposed by
Kempner et al. (2003) who reserve the name radio relics for
sources associated with extinct or dying active galactic nuclei
(AGN) only. These relic sources are important for the under-
standing of radio source evolution, in particular the late phase
of exhaustion of the central energy sources, the AGN. Their
relative paucity is still puzzling: on the one hand, there are nu-
merous bright elliptical galaxies that lack radio counterparts,
while there are certainly as many bright ellipticals that do pos-
sess AGN, in some form of the so-called “extragalactic zoo”,
often along with the classical double-lobe structure associated
with radio galaxies. In the light of this, the scarceness of relic
sources must imply that both the “switch-off” of the central en-
ergy source as well as the fading of the radio lobes takes place
relatively rapidly. On the other hand, the few existing candidate
sources provide the (almost) unique opportunity of estimating
at least the duration of the decline of the lobe brightness, ow-
ing to the pronounced spectral steepening by which they are
characterised. Another essential condition is the absence of any
central source, and of any coherent jet structure, both of which
would hint at ongoing activity and transport of energy and mo-
mentum out into the lobes.

The evolution of the synchrotron spectra of diffuse ra-
dio sources has been the subject of a number of papers
(Schlickeiser et al. 1987; Komissarov & Gubanov 1994;
Goldshmidt & Raphaeli 1994; Kaiser & Cotter 2002). The
pronounced steepening seen in the integrated radio spectra
of relics, and in particular in their spectral index distribu-
tions, makes them ideal cases to discuss different energy loss
schemes, viz. synchrotron losses with (Jaffe & Perola 1973) or
without (Kardashev 1962; Pacholczyk 1970) re-isotropisation
of pitch angles, and inverse Compton losses. These calculations
have so far mainly been carried out for diffuse radio continuum
structures of galaxy clusters.

The sources B0917+75 (Harris et al. 1993), B2 0924+30
(this paper), J1324-3138 (Venturi et al. 1998) and three other
objects found by Parma et al. (2003) are examples of dying
radio galaxies.

The large double radio source B2 0924430 may be consid-
ered a prototypical genuine relic of a “dead” radio galaxy as it
seems to fulfill perfectly the mentioned above criteria: its over-
all radio spectrum is rather steep, with the spectral index in the
range @« = —1.0 to —1.2 = 0.1 already at low radio frequen-
cies (Ekers et al. 1981; Cordey 1987). Its core luminosity is by
far the lowest known so far: the upper limit set by the 5-GHz
measurements of Giovannini et al. (1988) is up to 5 orders of
magnitude below the strongest known core sources, and still
falls about two orders of magnitude below the value expected
from the correlation of total and core luminosities of elliptical
galaxies as e.g. derived by Giovannini et al. (1988).

B20924+30 is associated with the bright (m,, ~ 1475,
Nilson 1973) E/SO type galaxy IC 2476 (UGC 05043) which is
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the central object in a group of 8 galaxies (Mahdavi et al. 1999;
White et al. 1999). The low resolution optical spectrum of the
galaxy! (Falco et al. 1999) does not show any distinct emission
lines and looks like a typical spectrum of a non-active galaxy.
The ROSAT data towards B2 0924+30 suggest very weak ex-
tended X-ray emission which may be connected with inter-
galactic hot gas (Canosa et al. 1999).

The first radio continuum detection of this relic radio
galaxy was made at 0.408 GHz (Colla et al 1970, 1975) and
later its structure was mapped by Ekers et al. (1975, 1981)
at 0.6, 1.4 and 5 GHz. This investigation was followed by low-
frequency observations at 0.151 GHz (Cordey 1987) and high
frequency single-dish measurements at 10.55 GHz (Gregorini
et al. 1992). The radio continuum morphology of B2 0924+30
suggests that the source might be a remnant of an edge-
brightened FRII (Fanaroff & Riley 1974) type galaxy. The relic
does not show any distinct hot spots, although the regions with
the flattest spectral index in the lobes may be a place where
the past hot spots were located. The 1.4 GHz luminosity of the
source is about 10> W Hz~! which is less than those of a typ-
ical high-luminosity radio galaxy. It is likely, however, that the
progenitor of the relic was more powerful but after the “switch-
off” of its central activity diminished its luminosity mostly due
to diffusion of the relativistic electrons as well as through syn-
chrotron and inverse Compton emission.

In this paper, we report radio continuum observations of
B20924+30 which allow a study of the spectral index distri-
bution across the source over a wide frequency range. The ob-
served spectral steepening will be utilised to establish a precise
source age since “switch-off”.

In Sect. 2 we describe the observations and data analysis.
In Sect. 3 the results are presented. In Sect. 4 we derive the
total radio spectrum and the distribution of the spectral index
across the source. The spectrum is discussed in terms of models
of particle energy losses, and the source age since “switch-off”’
is estimated. Our results and conclusions are summarised in
Sect. 5.

Throughout this paper we will assume gp = 0.5 and a
Hubble constant of Hy = 71 km s™' Mpc™!, which, with the
redshift of 0.02692 (Falco et al. 1999), places B20924+30 at
a comoving radial distance of about 110 Mpc. The spectral in-
dex « is defined here according to the relation S, o v* between
flux density S, and frequency v.

2. Observations and data reduction

In order to perform a spectral ageing analysis of B2 0924+30
we used images at A42.8 (from Gregorini et al. 1992) and
6.3 cm (observed with the Effelsberg 100-m telescope), 21 cm
(from the NRAO VLA Sky Survey, NVSS, Condon et al. 1998),
49 cm (dedicated observations with the Westerbork Synthesis
Radio Telescope, WSRT), and at 92 cm (from the Westerbork
Northern Sky Survey, WENSS, Rengelink et al. 1997). Because
of the lack of short baselines, the NVSS is insensitive to ex-
tended structures. Hence, the total flux-density of B2 0924+30

! The spectrum is available in electronic form at
http://tdc-www.harvard.edu/uzc/

measured in the NVSS image is (312.7 + 10.4) mJy. This value
is only about 75% of the value derived from the radio spectrum
of the entire source. In order to include missing short-spacing
data we combined the NVSS image with a single-dish observa-
tion carried out with the Effelsberg 100-m telescope. The com-
mon flux density scale of our measurements is that of Baars
etal. (1977).

2.1. The 16.3-cm data

The observations at 16.3 cm were carried out between June
and November 1994, using the twin-beam receiver system in
the secondary focus of the Effelsberg 100-m telescope. The re-
ceiver system was that described e.g. by Gioia et al. (1982),
correlating one circular polarisation from the main and the oft-
set horn, which are 7/96 apart on the sky, to yield the power
difference (Stokes I) of the two feeds. The two circular polari-
sations of the main horn were turned into Stokes parameters U
and Q by means of an IF polarimeter. The differential total
power image was restored to the equivalent single-beam im-
age using the algorithm of Emerson et al. (1979). In this way,
a total of 126 coverages were obtained in order to detect the
faint emission from this steep-spectrum object. Each coverage
was 28" x 20" wide in azimuth and elevation, with a scanning
speed of 40’/min and 1’ scan separation. The final image, cen-
tred on ajggy = 09M27™474, Sy000 = 29°5871779, was cre-
ated by a weighted average (weights proportional to the inverse
squares of the rms noise levels) of the individual coverage, af-
ter retabulation onto a right ascension declination grid. Its rms
noise is 1.53 and 1.05 mJy/beam area in total power and po-
larised intensity, respectively. The half-power beam width was
determined to be 147”. The telescope pointing was frequently
checked by cross-scanning the sources 4C 39.25, 3C 123,
3C 138, and 3C 286, with the latter three also serving as flux
and polarisation calibrators via mapping.

2.2. The 121-cm data

The single-dish A21-cm measurements were carried out with
the Effelsberg 100-m telescope in September 2003, using the
1-horn, 2-channel receiver installed in the primary focus of
the telescope. The final image was a combination of individ-
ual images scanned alternately in right ascension and dec-
lination. In this way, a total of 6 coverages were obtained.
The images were large enough to cover the source plus some
emission-free areas used for determination of zero levels and
noise. The drive rate was 180’/min and the scan interval 3’. The
combination was made using the “basket-weaving” technique
(Sieber et al. 1979). The image centre is @000 = 09"27m49°8,
0000 = 29°59’19”8. The flux density and polarisation cali-
bration was performed using the standard calibration sources
3C286 and 3C 138.

Combination of the single-dish and NVSS images has been
performed for Stokes /, Q and U using IMERG included in
the AIPS package, which permits to merge two input images
in the (u, v) plane. The final rms noise of the image is 0.56
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Table 1. Flux densities for Source B.

v[GHz] S, [mly] Reference
0.151 150 =22 Cordey (1987)
0.325 101 £6 This work (WENSS)
0.609 80 Ekers et al. (1981)
0.609 73+2 This work
1.400 59 +1 This work (NVSS)
1.400 54 Ekers et al. (1981)
4.750 53+2 This work
5.000 32 Ekers et al. (1981)
10.55 22+2 Gregorini et al. (1992)

and 0.3 mJy/beam area in total power and polarised intensity,
respectively.

2.3. The 149-cm data

The 449-cm measurements were made with the WSRT in July
1985, with a full 12 h synthesis spent on B2 0924+30. The field
centre is @000 = 09h27m52§9, 012000 = 29°59’09”7. The data
have been Fourier transformed and CLEANed in a standard
way with the AIPS package. The final rms noise of the image
is 0.77 mJy/beam area in the full resolution image (beam size
29" x 56").

2.4. The 192-cm data

In order to obtain a low-frequency data set of B2 0924+30 we
have used the publicly available database of the WENSS. This
radio continuum survey at 325 MHz covers the whole sky north
of § ~ 30° to a limiting flux density of unresolved sources of
about 18 mJy (at the 5o level).

The resolution of the image is about 54’ x 108’ and the rms
noise across this field is 3.6 mJy/beam area.

3. Results
3.1. Radio images

Figures 1 through 4 show the total power images of
B2 0924+30 at 116.3, 21, 49 and 92 cm. In Figs. la and 1b
we present the 16.3-cm image. The bright source located at
@y2000 = 09M27M2258, S1a000 = 29°5471476 (Fig. 1a, designated
Source B by Ekers et al. 1975) is unrelated to B2 0924+30 and
has been subtracted from the image (Fig. 1b). We have com-
piled the flux densities of this source, which was identified with
a quasar (Ekers et al. 1981; Arp 1977), in Table 1. Except for
the 4750-MHz flux density, its spectrum obeys a perfect power-
law, with spectral index a}gfso = —0.44 + 0.02. Howeyver, the
16.3-cm value is ~60% higher than what is inferred from the
overall spectrum, implying that this source may exhibit some
kind of variability.

In spite of the relatively low angular resolution of our
16.3-cm image a few features can be seen in Fig. 1b. The
two lobes are clearly discernible. On the southern side, both
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Fig. 1. Image of the total intensity of B20924+30 at 16.3 cm. The
cross indicates the position of the host galaxy IC2476. Contours
are: 1, \/E, 2, \/53, ... X 2.5 mJy/beam area. The hatched circle in the
lower left mimics the half-power beam size. a) The bright unrelated
source (marked with the letter B) is still present in this image. b) The
confusion source has been subtracted in this image.

of them exhibit faint extensions, while in the north the outer
contour depicts a rather straight edge. This behaviour is also
seen in the low-frequency images of Ekers et al. (1981) and
Cordey (1987). Linear polarisation is only marginally detected
at 16.3 cm (not shown here). If real, degrees of polarisation of
up to ~30% are indicated in the lobes.

In order to illustrate the differences between the pure NVSS
and the combined image we have drawn contours of equal
levels in both Figs. 2 and 5a, respectively. The combined
A21-cm image (Fig. 2) reveals two prominent lobes connected
by a continuous bridge of synchrotron emission. The origi-
nal NVSS image (contours in Fig. 5a) of B20924+30 shows
two detached radio lobes. An extended source is visible in
the centre. In order to find evidence of any nuclear activity
of B20924+30 we check the high resolution (5” X 5”) image
of the source from the 1.4-GHz FIRST survey (Becker et al.
1995). The inspection shows that there are no compact sources
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B2 0924+30 21 cm

3004 —

02 —

2958 —

DECLINATION (J2000)

56 —

54—

% B
| | \ | o~ |
00 30

09 28 15 15

2745
RIGHT ASCENSION (J2000)

Fig. 2. Image of the total intensity of B2 0924+30 at 121 cm. Contours
are: 1, \/E 2, \/53, ... X 1.5 mJy/beam area. Otherwise the layout is
the same as in Fig. 1.
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Fig. 3. Image of the total intensity of B2 0924+30 at 2149 cm. Contours
are: 1, \/E, 2, \/53, ... X 2.0 mJy/beam area. Otherwise the layout is
the same as in Fig. 1.

within a 2’ diameter circular field centred on the position of the
host galaxy down to the rms noise level of 0.14 mJy/beam.

In Fig. 3 we present the 149-cm image of B2 (0924+30 at
full resolution. The mentioned above features are evident in
this image as well.

For completeness we also show the 192-cm image (Fig. 4)
of B20924+30. The position of the radio core is not evident in
this image at all.

‘We have smoothed the 1121, 49 and 92-cm total-power im-
ages to the 147" beam size of the 16.3-cm Effelsberg image
in order to carry out the spectral (Sect. 3.2) and age analysis
(Sect. 4).

The linear polarisation images of the relic at 121 cm are
also shown in Fig. 5. At this frequency, the electric field
E-vectors have a regular pattern which suggests that the large-
scale magnetic field in the source is well organised. Significant
polarisation is seen, the degrees reaching ~(3.9 + 0.7)%. The
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Fig. 4. Image of the total intensity of B2 0924+30 at 2192 cm. Contours
are: 1, v2,2, V23,...x 11 mJy/beam area. Otherwise the layout is the
same as in Fig. 1.

Table 2. Flux densities for B2 0924+30.

v [GHz] S, [mly] Reference
0.151 4600 + 360 Cordey (1987)
0.325 2425 + 124 This work (WENSS)
0.408 1860 Colla et al. (1975)
0.609 1094 + 56 This work
0.609 1060 Ekers et al. (1981)
1.400 420+ 43 This work (NVSS)
1.400 442 Colla et al. (1975)
4.750 60 +7 This work
10.55 10+4 Gregorini et al. (1992)

polarised intensity seems to mark the edges of the lobes in a
nearly “S-shaped” morphology. In order to determine the distri-
bution of the magnetic field directions it is necessary to correct
the A21-cm data for the Faraday rotation measure gradients and
for that purpose subsequent radio polarisation measurements at
other wavelengths are needed.

3.2. Spectral index

We have computed the total flux densities of B2 0924+30 by in-
tegrating the four images (Figs. 1—4) within a polygon adapted
to the overall source shape, with careful inspection of the im-
age zero-levels, and Source B subtracted. These flux densities
are collected in Table 2, along with flux densities published
in the literature. The spectrum is plotted in Fig. 6. A pro-
nounced steepening is seen beyond about 2 GHz. Between 151
and 408 MHz the spectral index is % = _0.89 + 0.06, while

between 4750 and 10550 MHz it is a‘fglssoso =-2.25+0.52,im-
plying a steepening by |Ae| = 1.4, which is significant in spite
of the relatively large error at the highest frequency.

We have used the images of 147" resolution each in order to
compute the spectral index across B2 0924+30 between A121

and 6.3 cm, 49 and 21 cm, and 92 and 49 cm. The results are
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Fig. 5. Images of the linear polarisation of B2 0924430 at 421 cm.
a) Electric field E-vectors, with their length proportional to the po-
larised intensity, superimposed with 1, \/E, 2, \53, ... X 1.5 mJy/beam
total intensity contours from the NVSS. b) Linearly polarised inten-
sity contours of 1, \/E, 2, V22 x 0.9 mlJy/beam, with the vectors of the
fractional linear polarisation superimposed. The scales of the linear
polarisation vectors are indicated by the bars and the half-power beam
size by the circles in the lower left corners of the images.

shown in Fig. 7. The spectrum strongly steepens, both from
the outer regions towards the centre of the source and outwards
perpendicular to the major axis of the objects, similar to what
is seen in classical FRII and some double lobed FRI (Parma
et al. 1999) radio sources whose lobes are filled with backflow
material which is older in the centre than on the edges of the
radio galaxy.

The high-frequency spectral index image derived be-

tween A16.3 and 21 cm shows values of a‘l‘zgg =-14+0.1,
with a further steepening to aj;%0 = —1.7 + 0.4 around the

host galaxy IC 2476 (marked by the cross). This general be-
haviour is qualitatively the same as that reported by Ekers et al.
(1981). No significant asymmetry of the spectrum of the lobes
is evident. The apparent flattening seen towards the edge of the
western lobe may be related to the influence of the residuals of
Source B discussed in Sect. 3.1.
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Fig. 6. Integral radio spectrum of B20924+30 between 151 and
10 550 MHz. The solid line is a fit to the data (for details see Sect. 4).

An even more pronounced steepening of the spectrum is
seen away from the major axis, where the spectrum steep-
ens to aﬁﬁg = —1.7 £ 0.2. This is reminiscent of the source
B21321+31 (Klein et al. 1995), although with a less pro-
nounced steepening in that case. The steepening in B2 0924+30
would be even more dramatic if followed up to 10.55 GHz,
but unfortunately the image obtained by Gregorini et al. (1992)
at this frequency lacks the sensitivity to allow a useful spec-
tral comparison. Smoothing this image to the 147" beam size,
spectral indices of a,55° = —=2.2 + 0.3 in the eastern lobe and
025530 = —4 + 1 in the western one are indicated, corroborating
the trend visible in the integral spectrum of Fig. 6.

A similar tendency in the spectral index distribution is seen
at low frequencies, the average spectrum being flatter in this

case. A more quantitative analysis will be presented in Sect. 4.

4. Discussion

Both the integrated spectrum of B2 (0924+30 (Fig. 6) as well
as its spectral index distribution (Fig. 7) have been analysed
in order to determine the characteristic break frequency of the
synchrotron emission and corresponding particle ages, assum-
ing that synchrotron and inverse Compton losses are at work.

For an obviously aged source like B2 0924+30, expansion
losses can be ruled out. The lack of any central source and
hot spots suggests that particle acceleration is no longer tak-
ing place. Therefore, a model describing continuous injection
(which would refer to the source as a whole) can be excluded.
Such a model would predict a steepening of the initial injec-
tion spectrum (a;) by |Aa| = 0.5. Injection spectra observed
in the hot spots of radio galaxies suggest a; ~ —0.5 (see
e.g. Komissarov & Gubanov 1994). However, even in the low-
frequency regime the spectral indices are lower than @ = -1
anywhere in the source so that ongoing injection must be ruled
out.

The model described by Kardashev (1962) and Pacholczyk
(1970), hereafter referred to as the KP model, assumes that
no pitch angle scattering of the relativistic particle occurs, and
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B2 0924+30 Spectral Index Distribution 1400 MHz - 4750 MHz
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B2 0924+30 Spectral Index Distribution 609 MHz - 1400 MHz
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B2 0924+30 Spectral Index Distribution 325 MHz - 609 MHz
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Fig.7. Distribution of the spectral index of B20924+30.
a) Between A421 and 6.3 cm, b) between 1449 and 21 cm and
¢) between 4192 and 49 cm. Spectral index contours are superim-
posed onto the spectral index grey scale.

predicts a high-frequency tail in the synchrotron spectrum, with
a steepening to @ = (4/3 - @;) — 1 in the absence of inverse
Compton losses. While the latter condition may be applicable

to bright sources like Cyg A, in which the energy density of
the lobe magnetic field dominates by far that of the microwave
background (Carilli et al. 1991), this is certainly not true for
relic sources. In this case, even non-isotropised particles pro-
duce an exponential high-frequency cut-off.

We therefore favour the model of Jaffe & Perola (1973;
hereafter called JP model), which allows for permanent pitch
angle isotropisation by Alfvén waves created by the stream-
ing motions of the particles in the irregular magnetic field.
This model, considering both, synchrotron as well as inverse
Compton losses, should then lead to an exponential cut-off in
the radio spectrum.

The spectrum of the integrated radio emission of
B2 0924430 comprises reliable measurements at 7 frequencies
so that a meaningful fit to the data should be possible. In ad-
dition, we have images at four frequencies at our disposal as
well. Using the SYNAGE package (Murgia 1996) we have per-
formed a fit to the entire source spectrum and computed the
break frequency.

To derive the synchrotron age of the relic the strength of the
magnetic field is required. We infer it from the usual equiparti-
tion arguments. We use the following equation of Miley (1980):

1+k S,
(1+2)%3 V20,0,s

Beq =791- 4G.

Here, S, is the flux density (in mJy) at the observing fre-
quency v, (in GHz), k is the ratio of the energy content in
relativistic protons to that of electrons (adopted as k = 1), v;
and v, are the integration boundaries for the radio luminosity
(v = 0.01 GHz and v, = 100 GHz used here), s is the path
length through the source in the line of sight (in kpc), and 6,
and 6, are source extents in two directions, measured in arc-
sec. For B20924+30 we have adopted a source extent of 4’
which corresponds to ~130 kpc. This value is also used for the
path length. The spectral index is the mean value derived from
the four maps, which is ~—1.4. The resulting field strength is
Beg = 1.6 uG.

Using the values compiled in Table 2, we have applied
a least-squares fit to the flux densities, which is also shown
graphically in Fig. 6. The best fit (y*> = 0.75) to the JP model
was obtained for a break frequency v, = 7.0f‘2‘é GHz and an
“injection” spectral index of a; = —0.87 = 0.09. Using the
equation given by Alexander & Leahy (1987) and the known
equipartition magnetic field strength, as well as the break fre-
quency resulting from the fit to the radio spectrum, we can cal-
culate the particle ages 7 since switch-oft:

0.5
- 3,05, eq

T=159%10" v, B+ B, Myr.

Here, B is the equipartition field (in uG), By, the equivalent
field of the 2.7-K background radiation (3.4 uG at this redshift),
and v, the break frequency (in GHz). From the above we ob-
tain a particle age of 543% Myrs, which must be considered as
the average age of the particles in this object. The “injection”
spectral index does naturally not refer to hot spots which are
still energised by the relativistic plasma beams. The former hot
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Fig.8. Distribution of the synchrotron age of B20924+30 mea-
sured along its major axis which crosses the centre of the host
galaxy IC 2476.

spots in B2 0924+30 have certainly dispersed after exhaustion
of the central source, so that their spectrum has been altered by
expansion, as discussed by Carilli et al. (1991) for the Cyg A
hot spots. In case of fully expanded former hot spots the initial
injection spectrum, usually assumed to have a; = —0.5, should
have steepened to @« = —1.0, not very different from what is
inferred from our fit to the total spectrum.

Using the images of B2 0924+30 at 116.3, 21,49 and 92 cm
we have determined the spectrum at different positions along
the major axis of the source, measuring the flux density over
selected regions with a beam equivalent area of 147" in or-
der to ensure independent measurements. Using the SYNAGE
software again and inferring a spectral index of @; = —1.0,
we have obtained the following results for the JP model: in
the central part of the source the break frequency is around
2.5f%:(5) GHz, implying an age of 9038 Myrs, while away from
the centre these values are 30*5] GHz and 26*3% Myrs, respec-
tively. These values are in rough agreement with what is de-
rived from the integral radio spectrum. The results of the age-
ing analysis are shown in Fig. 8. The radiative age of two other
relic radio galaxies i.e. B0917+75 (~100 Myrs; Harris et al.
1993) and J1324-3138 (97 Myrs; Venturi et al. 1998) is com-
parable with the result we obtained for B2 0924+30. Alexander
& Leahy (1987) have found that the typical synchrotron life-
times for low luminosity 3CR double radio galaxies are about
50 Myrs. Similar results (from 10 to 100 Myrs) for radiative
ages were obtained by Parma et al. (1999) from the analysis
of a sample of low luminosity B2 radio galaxies. Somewhat
smaller (3 Myrs) values of synchrotron lifetimes were found
for a sample of 14 high luminosity (log Li78 muz > 24 W Hz ™)
FRII sources (Liu et al. 1992).

On the whole, the source exhibits the spectral properties
to be expected after exhaustion of the central AGN. The lat-
eral spectral steepening seen in the lobes, and in particular the
steepening toward the central region evident at high frequen-
cies (Fig. 7) resembles the age gradient of the former highly

relativistic particles. However, the spectral behaviour at the
lowest frequencies (seen in Fig. 7c) is a surprise. Between 325
and 609 MHz the central region is characterised by a very
steep spectrum. The spectral index seen there in Fig. 7 is
aggg =-1.8+0.1, aé?)go =-12+0.1, aﬂgg =-17+04 at
the lowest, intermediate and highest frequencies, respectively,
of our study. We can only resort to speculation at this point.
Figure 7c exhibits a misalignment of the low-frequency emis-
sion (having a$)? = —1.8 +:0.1) as compared to the overall ma-
jor axis of B2 0924+30. Perhaps this emission reflects an even
older period of activity, with jets pointing at a different direc-
tion, similar to what is inferred for “X-shaped” radio galaxies
(Rottmann 2001).

The particle ages derived above are not very high. Since
they reflect the lifetime of the relativistic particles after exhaus-
tion of the central source, or after the termination of energisa-
tion of the former hot spots by the central engine, this means
that once the energy transfer to the hot spots is stopped the
whole radio source dies relatively quickly. The relatively short
time scale resulting for the “switch-oft” of B2 0924+30 natu-
rally explains the relative paucity of such relic sources.

The particle propagation speeds implied by the above ages
are of the order of 2000 km s~! for particles having reached
the outer lobe peripheries. These are some 112 kpc (3!5) away
from the presumed former hot spot locations in the two lobes.

Carilli et al. (1991) fitting KP and JP model spectra to the
lobes of Cyg A obtained better fits of their data to the former
model for the lobes of this radio galaxy. We have also applied
a fit to the data with a KP model spectrum, anticipating that for
an aged source like B2 0924+30 a pronounced difference in the
goodness of the fit would result as compared to the JP model.
Surprisingly, y? is about the same for both models, with about
a factor of 2 difference in the resulting break frequencies.

5. Summary and conclusions

We have studied the radio spectrum of the relic source
B20924+30. Using flux densities at 7 frequencies between 151
and 10550 MHz we have estimated the mean age of the rela-
tivistic particles responsible for the steep spectrum of the syn-
chrotron emission of the source. This was accomplished by fit-
ting a model spectrum to the data, allowing for synchrotron
and inverse Compton losses of particles with an isotropic pitch
angle distribution as worked out by Jaffe & Perola (1973). The
average particle age is 54fﬁ Myrs, and the low-frequency spec-
tral index is determined as @; = —0.87 = 0.09, probably re-
flecting the spectrum of an initially injected electron population
which has undergone synchrotron losses.

Images at 416.3, 21, 49 and 92 cm have been subjected to
a study of the spectrum and particle ages across the diffuse ra-
dio lobes. The spectrum between the four wavelengths is gen-
erally rather steep. At high frequencies o/fj0 = —1.4 + 0.1

4750 _

along the lobes’ ridges, and a@/,5) = —1.7 £ 0.4 at the posi-

tion of the host galaxy IC 2476. Away from the lobe ridges, the
spectrum steepens further, assuming mean values of aﬁﬁg =
—1.7 £ 0.2. An unusual spectral behaviour is seen in the cen-

tral region of B2 0924+30. The spectrum being extremely steep

at the lowest frequencies (@39 = —1.8  0.1) first flattens to
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aéggo = —1.2 + 0.1 at intermediate ones, while steepening to
a0 = —1.7+0.4 again at the highest frequencies of our study.

We hypothesise that this structure, which also exhibits a mis-
alignment with the overall major axis of B2 0924+30, is a relic
of a still older period of activity.

The break frequencies (particle ages) vary between v, =
30%$] GHz (26*2% Myrs) along the lobes’ ridges and v, =
2.5’:?:8 GHz (90*30 Myrs) in the central part of the relic galaxy.

The correspondislog particle advance speed is of the order of
2000 km s~!. The radiative age of B20924+30 is compara-
ble with the age of other relic radio galaxies (e.g. BO917+75
and J1324-3138) and with low luminosity radio galaxies from
the 3CR and B2 samples.

With the relatively low particle age since “switch-off” in-
ferred from our study of this genuine relic source, aged radio
sources would easily escape detection in the GHz-frequency
range. It is therefore important to search for such objects in
low-frequency radio continuum surveys such as the VLA Low-
Frequency Sky Survey (VLSS, Kassim et al. 2003). In the
not too distant future, the Low Frequency Array (LOFAR,
Rottgering 2003) will provide the tool to search for exhausted
radio galaxies and quasars. Their investigation and census will
fill a gap in the picture of AGN evolution and bears significant
cosmological importance.
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