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ABSTRACT

Continuous injection models of spectral ageing have long been used to determine the age
of radio galaxies from their integrated spectrum; however,many questions about their relia-
bility remain unanswered. With various large area surveys imminent (e.g. LOFAR, MeerKAT,
MWA) and planning for the next generation of radio interferometer well underway (e.g.
ngVLA, SKA), investigations of radio galaxy physics are setto shift away from studies of
individual sources to the population as a whole. Determining if and how integrated models
of spectral ageing can be applied in the era of big data is therefore crucial. In this paper, I
compare classical integrated models of spectral ageing to recent well resolved studies that use
modern analysis techniques on small spatial scales to determine their robustness and validity
as a source selection method. I find that integrated models are unable to recover key param-
eters and, even when known a priori, provide a poor, frequency dependent description of a
source’s spectrum. I show a disparity of up to a factor of 6 in age between the integrated and
resolved methods but suggest, even with these inconsistencies, such models still provide a po-
tential method of candidate selection in the search for remnant radio galaxies and in providing
a cleaner selection of high redshift radio galaxies inz− α selected samples.
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1 INTRODUCTION

Radio galaxies, while only comprising a small fraction of the to-
tal population, are widely believed to play a key role in the for-
mation and evolution of the galactic population due to theirabil-
ity to provide the additional energy required to affect star forma-
tion rates in a self-regulating manner through the expulsion of cold
gas and heating of the inter-galactic/cluster medium (AGN feed-
back; Croton et al. 2006; Bower et al. 2006). While great strides
have been made in understanding the underlying physics of these
galaxies, studies have remained limited to a small number ofbright,
nearby, objects meaning that the applicability of such findings to
the wider population has remained limited.

Large area surveys such as the LOw Frequency ARray (LO-
FAR) Two-metre Sky Survey (LOTSS;Shimwell et al. 2016), the
Murchison Widefield Array (MWA) GLEAM survey (Wayth et al.
2015), and the MeerKAT MIGHTEE survey (Jarvis 2012), com-
bined with the vast data volumes and sample sizes that will be
provided by future telescopes such as the next generation VLA
(ngVLA) and the Square Kilometer Array (SKA) mean that in the
upcoming decades, one will be able to investigate the radio galaxy
population in much greater detail.

⋆ E-mail: jeremy.harwood@physics.org

One of the key outstanding issues is that of the characteris-
tic age, dynamics and life-cycle of the powerfulFanaroff & Riley
(1974) class I (FR I) and II (FR II) radio galaxy populations. As the
lobes and plumes which create the distinctive morphology ofFR Is
and IIs emit via the synchrotron process, one of the most commonly
used methods in determining the time since a source first became
active is through models of spectral ageing. These models describe
the preferential cooling of higher energy electrons as a function of
time due to synchrotron and inverse-Compton losses, resulting in a
more highly curved spectrum in older regions of plasma (e.g.the JP
and KP models;Kardashev 1962; Pacholczyk 1970; Jaffe & Perola
1973) from which the total age of the source can be determined.
However, many outstanding questions remain about the robustness
and reliability of these models in determining the intrinsic age of a
source.

While many of the issues surrounding these models have been
addressed when considering radio galaxies on well resolvedscales
(e.g. Harwood et al. 2013; Heesen et al. 2014; Harwood et al.
2015, 2017) it is unclear whether models which consider only the
integrated flux of a source can replicate these results. The applica-
tion of these models to large samples of galaxies is mainly lim-
ited by two factors; computational speed and the availability of
suitable ancillary data. While fitting of models on well resolved
scales allows us to probe more deeply the dynamics and underly-
ing physics which drive emission from these sources, the compu-
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Table 1.Source properties

Name IAU Name z 178 MHz Type Ref.
Flux (Jy)

3C452 J2243+394 0.081 130 II 1, 2
3C223 J0936+361 0.137 9.0 II 1, 2
3C438 J2153+377 0.290 48.7 II 3
3C28 J0053+261 0.195 17.8 II (R) 3
3C31 J0104+321 0.017 18.3 I 4
NGC3801 J1137+180 0.011 3.4 I 5

Summary of sources used in the spectral age model fitting. ‘Type’ refers
to theFanaroff & Riley (1974) morphological classification where (R) in-
dicates a remnant galaxy in which the central engine is no longer active.
‘z’ list the redshift and ‘178 MHz Flux’ the integrated flux of each source
at 178 MHz. ‘Ref’ column gives the reference for the origin ofthe values,
denoted as follows: (1)Harwood et al.(2016); (2) Harwood et al.(2017);
(3) Harwood et al.(2015); (4) Heesen et al.(2014); (5) Heesen et al.
(2016).

tational resources, ancillary data, and human interactionrequired
for highly accurate image alignment required to perform fitting on
such small scales is unlikely to be feasible on reasonable timescales
for a large number of sources. It is therefore crucial that weunder-
stand whether current models which consider only the integrated
flux (where resource demands are much lower) are able to provide
accurate spectral ages and a robust source selection methods based
on their current phase of activity (e.g. active or remnant1).

The most commonly used models for such purposes are
the Continuous Injection (CI) model proposed byJaffe & Perola
(1973) for active sources and the CI off (also known as the KGJP)
model presented byKomissarov & Gubanov(1994) for remnant ra-
dio galaxies in which the central engine is no longer active.Both
of these variants are based on synchrotron and inverse-Compton
losses described by the standard JP model (seeHarwood et al.
2013, 2015 for a detailed analysis of these models andLongair
2011for a full derivation) but assume an injection of fresh, zero-
age plasma either for the lifetime of the source (CI) or some frac-
tion of its age after which no additional injection of plasmaoccurs
(CI off). This, in theory, allows the age of a radio galaxy to be de-
termined from the spectrum of the integrated flux alone, where the
fresh plasma is provided by the acceleration regions and theaged
plasma by emission from the source’s lobes/plumes.

With multiple large area surveys currently underway and the
science possible with various instrument configurations for the next
generation of radio telescope currently being discussed, it is crucial
for maximising the potential scientific output of these projects that
it is determined which analytical and selection methods canbe used
reliably. In this paper, I therefore investigate the robustness of CI
models compared to well resolved studies recently undertaken that
are constrained by broad bandwidth observations and modelling on
small spatial scales and discuss the impact and implications of these
results on the future of radio galaxy science.

1.1 Outstanding questions addressed in this paper

Given the importance of such models in both the study of radio
galaxy populations and in the planning of the science possible with

1 I preference the term remnant over relic to avoid confusion with the sim-
ilarly named cluster relics.

the next generation of radio telescopes, in this paper I willaddress
2 primary questions:

(i) When parameters are well constrained by resolved studies,
do CI and CI off models provide accurate spectral ages?

(ii) Are integrated models able to reliably distinguish between
the different phases of a radio galaxy’s life cycle?

In Section2 I give details of target selection and the analysis
undertaken and in Section3 I present the model fitting results and
discuss these findings in the context of the aims outlined above.
Throughout this paper, a concordance model in whichH0 = 71 km
s−1 Mpc−1,Ωm = 0.27 andΩΛ = 0.73 is used (Spergel et al. 2003).

2 TARGET SOURCES AND SPECTRAL ANALYSIS

2.1 Source sample and archival data

In order to address the aims outlined in Section1.1, the six ra-
dio galaxies for which spectral age fitting has previously been per-
formed on small spatial scales using broad bandwidth observations
and the methods ofHarwood et al.(2013, 2015) were selected. This
not only provides a uniform methodology across our sample (sum-
marised in Section2.2), but also reduces the effects of many of the
known problems that affect historical studies, for example cross-
lobe age variations, and provides tight constraints on crucial mod-
els parameters such as the spectrum produced by the initial elec-
tron energy distribution (the ‘injection index’2) and magnetic field
strength. The sample comprises of two FR Is, three FR IIs, andone
remnant FR II in which the central engine is no longer active.Re-
duction of the observations for each source are detailed in the cor-
responding original study which, along with a summary of target
properties, are listed in Table1.

While the data required for resolved studies are limited to ob-
servations matched in terms of resolution, a major benefit ofinte-
grated fitting is the ability to expand the frequency coverage by
using low resolution archival data. This is likely to be common
practice for the currently ongoing wide area surveys and so addi-
tional low frequency archival flux values were also obtainedfrom
the literature. For the three FR II sources (including the remnant
source, 3C28) these were taken from the study of 3C sources atlow
frequencies byLaing & Peacock(1980) providing data points at
22.25, 26.3, 38.0, 86.0, 178 and 750 MHz. For the FR I source NGC
3801, values at 74.0 MHz from the study ofCohen et al.(2007)
and at 178 and 408 MHz from the Parkes catalogue (PKSCAT90,
Wright & Otrupcek 1990) were obtained. As the recent study of
3C31 byHeesen et al.(2016) already includes frequencies between
33.9 MHz and 10.7 GHz, no additional archival data was required
in this case but note that only frequencies between 52 and 609MHz
were used during the resolved fitting.

2.2 Spectral analysis

2.2.1 Resolved model fitting

As noted above, spatially resolved spectral age fitting has previ-
ously been preformed for all sources in the sample using the Broad-
band Radio Astronomy ToolS (brats3) software package. A de-

2 I define the spectral and injection index such thatS ∝ ν−α
3 http://www.askanastronomer.co.uk/brats

MNRAS 000, 1–7 (2016)



Spectral ageing in the era of big data 3

Figure 1. Plots of flux against frequency with the best fitting CI model overlaid (redline). Note that 3C28 is fitted with the CI off model due to the remnant
nature of the source. Model parameters, ages (in Myr) and statistics are shown in bottom left corner of each panel. Shadedregions indicate the data used for
the resolved fitting and the limited frequency coverage case.

tailed description of the software’s usage and methodologyhas pre-
viously been carried out byHarwood et al.(2013, 2015), the ac-
companying cookbook, and the respective authors for each source
(Table1) and so I do not duplicate such a discussion here, but for
completeness provide a brief summary of the implementationand
fitting procedure used.

For each object in the sample, a region loosely encompassing
the source was defined along with a background region well away
from any strong emission in order to determine the off-source ther-
mal noise. The radio images were then loaded in tobrats and an ini-
tial source detection performed based on the RMS noise valueand a
5σ cut-off. The ‘adaptiveregions’ command was then used to auto-
matically define small, pixel size regions in order to reducethe ef-
fects of the superposition of spectra as discussed byHarwood et al.
(2013, 2015). Fitting of the numerically calculated model spectrum
to the observational data was then performed using a grid search
over the potential age space (defined by each study individually)
and a golden ratio search for the normalisation, with the best fit-
ting model determined throughχ2 minimisation. Images of age as
a function of position and statistical values were then exported for
further analysis and to determine the robustness of the fitting re-
sults.

For many of these studies, multiple model types were fitted to
the data such as the KP model (Kardashev 1962; Pacholczyk 1970)
and the more recent Tribble model (Tribble 1993; Hardcastle 2013;
Harwood et al. 2013). However, I limit this study to a comparison
of the JP model, with the alternatives generally being considered
either unphysical (KP) or with the integrated version beingindistin-
guishable from the JP model for the given observational constraints
(Tribble). The integrated counterpart to the JP model (described be-
low) is therefore almost exclusively used in the fitting of unresolved

sources and in surveys. In the resolved case where such distinctions
can (and have) be made, variations between models with respect to
their spectral age and goodness-of-fit are known to be small rela-
tive to the results of Section3 and so can be safely ignored in the
current context.

2.2.2 Integrated model fitting

As described in Section1, the standard (JP) CI model of spectral
ageing provides the spectrum produced by a combination of contin-
uous injection of freshly accelerated plasma and regions that have
been subject to synchrotron and inverse-Compton losses described
by the JP model (Kardashev 1962; Jaffe & Perola 1973). This
model was further expanded byKomissarov & Gubanov(1994) to
produce the CI off model which allows freshly accelerated plasma
to be injected for only a fraction of the source’s total age, de-
scribing the spectrum of current inactive sources (e.g. radio galaxy
remnants). Both of these models have been discussed previously
in great detail and so I refer the interested reader to the original
and subsequent studies (e.g.Kellermann 1964; Carilli et al. 1991;
Murgia et al. 1999; Brienza et al. 2016), again providing here only
a summary of the models and their implementation.

Assuming an electron population radiating in a fixed magnetic
field that is subject to synchrotron and inverse-Compton losses such
that

N(E, θ, t) = N0E−δ(1− ET E)−δ−2 (1)

whereET are the model dependent losses (in this case JP losses)
which are a function of the pitch angle of the electrons to themag-
netic field,θ, and the time since they were accelerated,t, and in
which a fresh supply of plasma is continuously injected withan

MNRAS 000, 1–7 (2016)
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Table 2.Summary of model fitting results (full frequency coverage)

Name χ2
Red Rejected Confidence TInt + - TRes + - TDi f f + -

(%) (Myr) (Myr) (Myr)

3C452 2.13 Yes > 99 42.01 1.31 1.50 89.05 8.56 7.14 -47.04 8.66 7.30
3C223 0.88 No < 68 24.96 2.51 3.55 77.95 13.42 11.73 -52.99 13.65 12.26
3C438 7.29 Yes > 99 3.98 0.02 0.04 3.00 0.05 0.08 0.98 0.05 0.09
3C28 8.40 Yes > 99 8.40 0.04 0.03 12.42 0.44 0.44 -4.02 0.44 0.44
3C31 2.30 Yes > 99 77.01 3.49 2.68 169.99 32.72 30.15 -92.98 32.91 30.27
NGC3801 0.69 No < 68 12.06 1.50 1.12 2.00 0.40 0.40 10.06 1.55 1.19

Results of the CI model fitting in the full frequency coveragecase. ‘χ2
Red’ lists the reducedχ2 values for the CI model fitting with the ‘Rejected’ column stating

if the model can be statistically rejected at the level givenin the ‘Confidence’ column’. ‘TInt’ lists the age of the source using the integrated flux and CI model,
‘TRes’ the age using resolved methods and the single injection JP model, and ‘TDi f f ’ the difference between the two ages whereTDi f f = TInt − TRes.

energy distribution described by

N(E) = N0E−δ (2)

the integrated spectrum results in a broken power law (the CI
model). At energies below a break frequency of

νb =
9c7 B

4t2(B2 + B2
CMB)

(3)

where t is the age of the source in Myr, B is the magnetic field
strength in nT,BCMB = 0.318(1+ z)2 nT is the equivalent magnetic
field strength for the CMB andc7 = 1.12103 nT3 Myr2 GHz is
a constant defined byPacholczyk(1970), the spectral index is, in
theory, given by

αlow =
δ − 1

2
(4)

and above this break frequency

αhigh = αlow + 0.5 (5)

For inactive sourcesKomissarov & Gubanov(1994) show that in
addition to this break, at frequencies above

νb,o f f =
(ton + to f f )2 νb

t2o f f

(6)

whereton is the time in Myr for which the source was active and
to f f the time since the central engine switched off, that the spectrum
drops off exponentially (the CI off model).

Analytical solutions are possible for both of these models pro-
viding a significant reduction in computational overheads com-
pared to their resolved counterpart which must be calculated nu-
merically. As for to f f = 0 the CI off model tends to the stan-
dard CI model spectrum,brats uses the analytical solutions of
Komissarov & Gubanov(1994) to calculate the model spectra in
both cases. In the fitting of these models to observations,brats uses
an identical method to that implemented for the resolved model fit-
ting (Section2.2.1), exploring the parameter space using a golden
ratio search for the normalisation and a grid search to determine the
active source time (where for the CI modelton = t). In the case of
the CI off model, a grid search is also performed forto f f resulting
in an additional degree of freedom.

Applying the methods described above,brats was used to fit
the CI model to the 5 active sources and the CI off model to the
remnant source 3C28. In order to perform a preliminary test on the
frequency dependence of the integrated models, fitting was run us-
ing both the full frequency coverage (including additionalarchival
data) and limited to that of the original studies to replicate the im-
pact on differing analysis scenarios. As, in the context of radio

galaxies, the CI models can be thought of as the summation of the
resolved JP spectra under a set of assumed conditions, the resolved
studies should provide better constraints with respect to the model
parameters. The injection index was therefore fixed to that derived
in the original papers along with the estimates of the magnetic field
strength. This assumption and its impact on large sample studies is
discussed further in Section3.

3 RESULTS AND DISCUSSION

3.1 Spectral age and model fitting

3.1.1 Full frequency coverage

From the numerical results given in Table2 and the correspond-
ing plots shown in Fig.1, it is immediately evident that a disparity
exists both in terms of the goodness-of-fit and the spectral ages be-
tween those derived from an integrated and a well resolved stand-
point. Of the six sources tested, over half can be statistically re-
jected at the 99 per cent confidence level when the full frequency
coverage is considered which is in stark contrast to the resolved
fitting where in only one case (3C438) is the model statistically
rejected, most likely due to the mixing of electron populations
(Harwood et al. 2015).

Of the remaining rejected model fits, 3C452 is due to a dis-
crepancy in the very low frequency spectrum. From Fig.1 one can
see that at frequencies greater than 116 MHz the spectrum is well
fitted by the CI model, a feature which has been previously noted
by Harwood et al.(2016; 2017). A better goodness-of-fit can be
obtained by steepening the injection index but this only serves to
further widen the disparity in the derived ages and can therefore be
considered an upper limit on the CI model’s age.

Similarly, 3C31 is also well fitted over part of its frequency
range but in this case it is the higher frequencies (> 1 GHz) where
the divergence between the model and observations occur. Inor-
der to be well fitted, the curvature at lower frequencies mustbe
ignored and the break in the spectrum must occur at frequencies
> 10 GHz; however, resolved fitting, classical dynamical models,
and alternative models of the FR I spectrum such as advectionmod-
els (Heesen et al. 2016) suggest an age in excess of 150 Myr. From
Equation3 one can see that this break must occur below 328 MHz
but, while such a break is seen in the observations, it does not con-
form to the change of∆α = 0.5 expected by the CI model (Equation
5) and so the flux at high frequencies is greater than expected.

The spectrum of 3C28, for which the CI off model was fitted,
proves to be an interesting case. The model is statisticallyrejected
due to a flatter than expected spectrum at low frequencies anda

MNRAS 000, 1–7 (2016)
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Table 3.Summary of model fitting results (limited frequency coverage)

Name χ2
Red Rejected Confidence TInt + - TRes + - TDi f f + -

(%) (Myr) (Myr) (Myr)

3C452 0.23 No < 68 52.05 4.04 3.93 89.05 8.56 7.14 -37.00 9.47 8.15
3C223 0.43 No < 68 25.99 6.78 6.71 77.95 13.42 11.73 -51.96 15.04 13.51
3C438 8.34 Yes > 99 81.04 7.11 5.87 3.00 0.05 0.08 78.04 7.11 5.87
3C28 2.01 Yes > 99 29.40 0.94 2.32 12.42 0.44 0.44 16.98 1.04 2.36
3C31 0.12 No < 68 84.99 6.40 7.43 169.99 32.72 30.15 -85.00 33.34 31.05
NGC3801 0.75 No < 68 13.06 1.42 0.89 2.00 0.40 0.40 11.06 1.48 0.98

Results of the CI model fitting in the limited frequency coverage case.‘χ2
Red’ lists the reducedχ2 values for the CI model fitting with the ‘Rejected’ column

stating if the model can be statistically rejected at the level given in the ‘Confidence’ column’. ‘TInt’ lists the age of the source using the integrated flux and CI
model, ‘TRes’ the age using resolved methods and the single injection JP model, and ‘TDi f f ’ the difference between the two ages whereTDi f f = TInt − TRes.

sharper than expected cutoff at higher energies. Such behaviour has
previously been observed byBrienza et al.(2016) in the recently
discovered BLOB1 remnant galaxy suggesting that this may be
a common feature of the integrated spectrum of remnant sources.
It was noted byHarwood et al.(2015) that the injection index for
3C28 may represent an upper limit due to additional processes un-
accounted for in the standard (resolved) ageing models; however,
even when fitting for a more standard value for the injection index
of 0.7 the model, although better fitted at low frequencies, is still re-
jected at the 99 per cent confidence level and unable to account for
the rapid steepening at shorter wavelengths. Variations inthe low
frequency spectrum of all sources and the observed rapid steepen-
ing of high frequency spectrum in remnant galaxies is discussed in
the context of source selection further in Section3.2.

3.1.2 Limited frequency coverage

While it is clear that even when the best frequency coverage avail-
able is considered many problems exist in the fitting of integrated
models of spectral ageing, the frequency limited sample also high-
lights additional dangers in applying these models to surveys and
large samples. From Table3 one can see that two galaxies, 3C452
and 3C31, are no longer statistically rejected and would therefore
be interpreted as robust over such a frequency range. As was men-
tioned in Section3.1.1, both of these sources are well fitted by the
models over part of their spectrum and it is this region of frequency
space which is being considered when only the resolved observa-
tions are used. Of the remaining sources, 3C438 and 3C28 remain
rejected but similar arguments can be made simply by shifting the
frequency range to a region where the model is well fitted (e.g.
at> 4 GHz). The goodness-of-fit is therefore highly dependent on
our choice of frequency coverage if the spectrum is not constrained
well above, below, and in the region of the spectral break.

For sources such as those considered here this is unlikely to
be an issue in the majority of cases due to large quantities ofdata
being available for these bright, nearby objects. However,future
instruments (particularly those in the southern hemisphere) which
will survey large areas of sky at much higher sensitivities will ini-
tially not have the luxury of archival measurements spanning such
a wide frequency range. The majority of any sample taken from
these surveys will therefore be strongly impacted by such effects
and emphasises the need for a wide frequency coverage when fit-
ting models to the integrated flux.

3.1.3 Evaluation and recommendations

The rejection of the majority of the integrated models, unsurpris-
ingly, leads to large discrepancies in the age of the source;however,
even in the cases where the models do provide a good description of
the observed spectrum, a large disparity remains ranging between
an underestimation of the ages by factor of≈ 3 for 3C223 and
an overestimation of the age by a factor of≈ 6 for NGC 3801.
Considering the dynamics of these sources, this would placethe
characteristic advance speed of 3C223 at approximately 5 per cent
the speed of light, much faster than the commonly observed val-
ues of 1 to 3 percent for similar sources (Myers & Spangler 1985;
Alexander & Leahy 1987; Liu et al. 1992; Harwood et al. 2013,
2015, 2017).

While the exact cause of the discrepancy between the inte-
grated and resolved spectrum of radio galaxies is not immediately
clear, as the CI models are based on the single injection JP model it
must at least in part be due to a breakdown in the assumptions made
when integrating the individual spectra over the entire source.

One such assumption is that parameters such as magnetic
field strength, external environment, and the expansion of the
lobes/plumes are constant over the course of the galaxy’s active
lifetime. A possible solution therefore lies in an extension of that
discussed byHarwood et al.(2016) in the context of determining
the injection index, who suggest that for FR IIs the integrated spec-
trum may differ due to it being a sum of the history of the source
where conditions are non-uniform over its lifetime. If, in addition
to synchrotron and inverse-Compton losses, radio galaxiesare also
subject to time-dependent adiabatic losses (e.g.Murgia et al. 1999)
and/or a mixing of electron populations, simulations suggest that
the observed integrated spectrum can be driven to steeper values
(Kapinska et al. 2015). Such time-dependent conditions are likely
be reduced on well resolved scales (e.g. the reduced impact of
cross-lobe age variations) but, when integrated, the compound ef-
fect of small variations may be responsible for the observeddis-
crepancy.

While such effects can plausibly account for the differences
observed in active FR IIs, its applicability to both remnantsources
and FR Is is less clear. In the case of 3C31, an intrinsically flatter
than observed low frequency spectrum could potentially resolve the
lack of change in the spectrum around the spectral break; however,
if as is commonly assumed first order Fermi is the primary particle
acceleration mechanism, this is restricted to values ofαin j ≥ 0.5 and
so a significant discrepancy will still remain. Conversely,remnant
galaxies appear to suffer from a flatter than expected low frequency
spectrum and/or an unexpectedly sharp cutoff at higher frequencies.

MNRAS 000, 1–7 (2016)
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The limited number of remnant galaxies currently known means it
is not yet possible to determine whether such effects are common
to the remnant population and, if so, which is the primary cause of
the discrepancy, but the results are indicative that additional con-
siderations must be made within the models if they are to provide a
robust description of these sources.

Given the frequency dependence of the CI models, the fact
that they are unable to provide a reliable measure of the injection
index and, even when model parameters are known a priori, pro-
vide either a poor description of a source’s spectrum or significant
discrepancies in the derived ages are observed, I suggest that these
models do not provide a robust measure of a radio galaxy’s spec-
tral age. Revised integrated models of spectral ageing suchas those
currently being developed by Godfrey et al. (in prep) and Brienza
et al. (in prep) which attempt to account for effects such as adia-
batic expansion and non-uniform magnetic field strengths may go
some way to resolving this issue, but it is likely that additional,
time dependent factors such as those described above must also be
incorporated before these models can be considered truly robust. I
therefore recommend that the classical CI models should be used
with caution when applied to radio galaxy populations in upcoming
and future surveys.

3.2 CI models as a method of source selection

3.2.1 Remnant radio galaxies

While the integrated models of spectral ageing appear to notpro-
vide a robust measure of spectral age this does not entirely rule
out their usefulness in terms of candidate selection in large data
volumes. As has been shown byBrienza et al.(2016) for the rem-
nant radio galaxy BLOB1, and also appears to be the case for
3C28, the integrated low energy spectrum is much flatter thanpre-
viously assumed meaning that, at least in some cases, remnant radio
galaxy candidates cannot be selected based on an ultra-steep spec-
trum at low frequencies alone. Given that the upcoming surveys
will be limited to a given frequency range (e.g. 110 - 280 MHz
in LOTSS), there is therefore the need when searching for candi-
date remnant galaxies in surveys for complementary archival data
to be used. This data is commonly in the form of low resolution
catalogues (e.g. NVSS) or integrated flux values in the literature
which, when combined with the large computational and human
overheads that accompany resolved fitting, means that candidate
searches currentlymustbe based on the integrated spectrum.

While I have shown that when model parameters are know a
priori radio galaxies are often poorly described by integrated mod-
els, allowing the injection index to be a free parameter often pro-
vides a better fit to the overall spectrum. As it has already been
established that any ages derived from these models are unlikely to
be robust, allowing this parameter to vary may provide a method of
selecting remnant radio galaxies in large data volumes due to the
significant difference in the shape of the CI and CI off models.

Two main methods are currently used in the search for rem-
nant galaxies: a steep (≥ 1.2) spectral index at high frequencies,
and a spectral curvature value (SPC= αhigh − αlow; Murgia et al.
2011) greater than 1.1. However, both are based on the classical as-
sumptions made about the low frequency spectrum of radio galax-
ies, particularly in FR IIs where it is observed to be much steeper
than expected. When using the classical assumption ofαin j ≈ 0.6
combined with Equation5 we see that for active sources the spec-
trum at high frequencies is expected to take values of around1.1.
Allowing for reasonable variations in the injection index,anything

steeper thanαhigh = 1.2 should therefore be a strong candidate for a
remnant galaxy but, in the case of FR IIs whereαin j is now known
to take values of around 0.7 to 0.8, such a sample would include
a large number of active sources. One solution would be to simply
increase the cut off for αhigh to steeper values but this would then
exclude FR I remnants which exhibit a flatter injection index.

Selection based on SPC also encounter similar problems, with
3C28 proving a prime example of a source which would be missed
by such a selection criteria. Considering the spectral index between
22 and 178 MHz (αlow = 1.08) and between 1.4 and 7.9 GHZ
(αhigh = 1.97) results in a SPC value of only 0.9, well below the
required selection criteria. While these methods have found some
success in finding radio remnants, they are likely to be limited to
only a subset of the population as a whole and may be a contribut-
ing factor to why so few FR II remnants have been found. CI model
comparison may therefore provide an improved method of source
selection over these classical methods.

For 3C28, BLOB1, and the recent study of the remnant B2
0924+30 by Shulevski et al.(2016), the CI off model provides a
significantlybetter fit than the standard CI model due to the rapid
steepening of the spectrum at higher frequencies. For example, us-
ing a flatter injection index of 0.75 for 3C28 results in a reducedχ2

value of 1.85 for the CI offmodel compared to 248 for the standard
CI model. While the model fit remains statistically rejected, the
large difference between the two models provides a strong indica-
tion that the source is no longer active which can then be confirmed
by follow up observations at higher resolutions or by alternative
measures such as its morphology or lack of core emission.

Determining the number of extra remnant sources which could
potentially be discovered using this method, how complete asam-
ple this would allow, and what selection criteria should be used
to reduce the effects of contamination from non-remnant sources
requires further investigation using mock catalogues and/or well
studied fields (e.g. the Lockman hole;Mahony et al. 2016) which
is beyond the scope of this paper. However, the application of this
comparative approach should afford some improvement on those
currently in use and, on the timescales of the ongoing surveys, pro-
vides potentially the best method for identifying samples of rem-
nant radio galaxies.

3.2.2 High redshift radio galaxies

An additional possibility for the use of CI models in radio surveys
is aiding in the selection of high redshift radio galaxies. The inte-
grated spectral index of radio galaxies is known to become steeper
with increasing redshift (Athreya & Kapahi 1998) and has there-
fore become a common method of source selection; however, this
spectrum is also highly dependent on the age of the source and
its current phase of activity (i.e. active or remnant). Crossmatching
samples of radio galaxies to their optical counterparts in order to
obtain robust redshift measurements, particularly for themost dis-
tant objects, requires a significant amount of observing time and so
for large samples a clean initial sample is desirable.

While it is not possible to reliably determine the redshift of
radio galaxies from the CI models alone, thez− α relation must
at least in part be due to an increase in losses from the inverse-
Compton scattering of the CMB. As this effect scales differently
from the age of the source (Equation3), by setting the redshift as a
free parameter in a similar manner to the injection index discussed
above, it is theoretically possible to determine which sources are
likely to be high redshift and which are instead nearby old orrem-
nant radio galaxies. Such a method is unlikely to ever provide as
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robust a measure of redshift compared to those determined spec-
troscopically but, for very large samples, may provide a method of
increasing the efficiency of such searches by removing false posi-
tives.

Testing of this method against mock catalogues is again be-
yond the scope of this paper but note in order for this method to
be reliable, the spectrum of each target would need to well con-
strained so that the additional free parameter space could be be
fully explored. Such observations are at the current limit of tele-
scope capabilities for all but the oldest/most distant radio galaxies
where such a break occurs at or below, for example, VLA P-band
frequencies. However, instruments such as MeerKAT will extend
this range to the GHz regime and, looking forward to the SKA era
where such data will be commonplace, provides a potentiallyfeasi-
ble component of source selection for high redshift radio galaxies.

4 CONCLUSIONS

In this paper, I have presented the first comparison between inte-
grated models of spectral ageing and recent investigationsusing
well resolved, modern techniques, focusing on implications of their
usage in upcoming surveys and for the determination of the science
possible with the next generation of radio telescope. The main find-
ings are as follows:

• Integrated model fitting is unable to reliably recover key
parameters such as the injection index.

• When model parameters are known a priori, fitting of the
integrated spectrum is highly frequency dependent and often
provides a poor description of the source’s spectrum.

• Integrated models of spectral ageing are currently unable to
provide robust ages of a source, with a disparity of up to a factor of
6 being observed compared to their well resolved counterparts.

• Although inconsistencies exist between CI models and obser-
vations, they remain a potentially useful tool for selecting candi-
dates in the search for remnant radio galaxies.

I therefore conclude that the application of standard CI (off)
models to the integrated spectrum of radio sources should, in their
current form, be treated with caution. However, they may still pro-
vide a useful tool for identifying remnant radio galaxy candidates
in cases where a steep spectrum at long wavelengths is alone unable
to determine the current phase of a radio galaxies life cycle, which
can then be followed up by additional high resolution observations.
I suggest that they may also provide a method of providing cleaner
samples of high redshift radio galaxies when combined with selec-
tion based on thez− α relation.
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