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Fig. 9. Spectral index map of the radio emission of Fornax A between 1.03 GHz and 1.44 GHz. The resolution of the map is 10” x 10”. The contour

levels show the radio emission at 1.44 GHz. They start at 0.8 mJy beam™

6.1. The lobes

The total intensity map does not show any clear evidence of
a hot-spot or a jet expanding through the lobes. In the spec-
tral index map (Fig. 9) we identify three main components with
different spectral indexes. The centre of the lobes, which has an
overall spectral index of ~0.7. The “bridge” connecting the lobes
and the inner edges of the lobes (i.e. the edges closer to the host
galaxy and in the north of the east lobe and south of the west
lobe, respectively) have steep spectrum (@ ~ 1.3) and the outer
edges which have flat spectrum (a < 0.5).

The spectral index map between two close frequencies from
the same observation can provide a limited view of the spectral
shape of the synchrotron emission. The calibration of the obser-
vation, radio frequency interference, and the uv-coverage of the
observation are all effects that may contribute to slightly change
the flux distribution in the images, and therefore may bias the
spectral index map. For these reasons we also create spectral
index maps between 200 MHz and 1.44 GHz, between 1.03 GHz
and 6.3 GHz, and between 200 MHz and 6.30 GHz. For this anal-
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, increasing by a factor of two.

ysis we convolve all images to the resolution of 3’ X 3’, which
matches the resolution of the MWA and SRT images. We do not
consider the Planck observations because they resolve the lobes
with only two resolving beams at most, and this does not allow
us to trace the differences in spectral index within the lobes.
The results are shown in Fig. 10. The main spectral features
shown in the high-resolution map are also recovered in these
maps, namely the steep (~1) spectral index in the centre and in
the bridge, and an overall uniform spectral index in the lobes
(~0.7). Some regions at the edges of the lobes show a flatter
spectrum.

The Clopr models provide a good description of the injection
history of the lobes of Fornax A considered as a whole. Never-
theless, these components are resolved by our observations, and
it is possible to trace the differences in radiative age within the
lobes. The continuous injection of particles into the lobes can be
thought of as the sum of subsequent injections between the time
zero and the time #cr, whose individual radiative losses are well
described by the JP model (see Sect. 5). Since the Clprr model
provides a good description of the overall injection history of the
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Fig. 10. Left panel: spectral index map of Fornax A between 200 MHz and 1.44 GHz (extracted from MWA and MeerKAT observations). The
resolution is the same in all images (3’ x 3”) and is shown in black in the bottom left corner. The colour scale is the same as in Fig. 9. The contour
levels show the radio emission at 1.44 GHz. Contours start at 0.1 mJy beam™', increasing by a factor of two. Central panel: spectral index map
between 1.03 GHz and 6.30 GHz (taken from MeerKAT and SRT observations). The colour-scale of the map is the same as in the left panel. The
contour levels show the radio emission at 1.03 GHz, starting at 0.2 mJy beam™, increasing by a factor of two. Right panel: spectral index map
between 200 MHz and 6.3 GHz (from MWA and SRT observations). The PSF and colour-scale of the map are the same as in the top left panel.

The contour levels show the radio emission at 200 MHz, starting at 0.5 mJy beam

lobes, by tracing the spectral differences through the lobes, we
expect to identify some regions where the break-frequency of the
best-fit JP model has values close tO Vpreak, high and others where
the break-frequency is as low as Vyeax -

We measure the flux density in different regions of the lobes
of Fornax A between 200 MHz and 6.30 GHz on the images con-
volved at 3’ x 3’. The regions are of the same size as the point
spread function (PSF) and are selected to be located more or less
symmetrically in both lobes. We select regions close to the cen-
tre (E., W., W,,), along the apparent direction of expansion of
the radio jets (Ej, W)), at the edges (Ey, Wy, Eg, Wy, Ey, Wy), and
one region in the bridge. These regions are shown in the spectral
index map of Fig. 11. The panels of this figure show the best-fit
JP model to the spectrum of each region. The pattern visible in
the 1.03-1.44 GHz spectral-index image (Fig. 9) is visible also
now that we model the flux density over a broader band even
if at lower angular resolution. The regions with a higher break
are in the north and south edge of the west lobe (W, and W)
and in the east and south edge of the east lobe (the Ey, and Ej),
while the centre and the bridge show low breaks. The panels in
Fig. 11 confirm that the break-frequency is high throughout the
lobes, and that the Planck non-detection of the lobes at frequen-
cies 2143 GHz does not bias this result. Nowhere in the lobes
can we observe a pure power-law spectrum. This confirms that
the lobes of Fornax A are likely not currently active.

The regions with flat spectrum (such as Ey, Wy, W, W)
correspond to some of the low-polarisation patches identified by
Anderson et al. (2018). In these regions, the associated Faraday
depth enhancement may be due to magnetised plasma residing
in the lobes, and advected from the host galaxy ISM during their
expansion. Regions E}, and W, also coincide with a peak in the
hard X-ray distribution (see Fig. 1b in Kaneda et al. 1995).

It is possible to generate the break-frequency map of the
radio emission of the lobes of Fornax A from the spectral index
map. Myers & Spangler (1985) show that from Egs. (9) and (10)
the radio spectral index between two frequencies is a function of
the ratio between the frequency where the spectral index is mea-
sured and the break frequency. The relation between the two-
frequency spectral index and the break frequency diverges for
large values of the spectral index or when it is close to zero. For
pixels with @ > 1.4 or pixels with @ < 0.2 the estimated break
frequencies should be considered as lower and upper limits,
respectively. The break-frequency map generated following this

-1, increasing by a factor of two.

method is shown in Fig. 12. The outer edges of the lobes have
a high break frequency (2220 + 140 GHz) while the inner edges
and the bridge have the lowest breaks (<50 + 5 GHz). In the cen-
tre of the lobes, overall, the break frequency is ~130 + 40 GHz.
This value is very close to the Viyreak high Of the best fit Clopr
model of the total flux density of the lobes.

6.2. The central emission

The left panel of Fig. 13 shows the central region of the spectral
index map between 1.03 GHz and 1.44 GHz. Regions with flat
spectrum are located close to the kpc-core, while the spectrum
steepens moving along the jets. In the right panel, we show the
corresponding break-frequency map. The edges of the jets have
the lowest break frequency (Vureak < 50 GHz), while the kpc-core
has a high break frequency. This is in good agreement with the
spectra of the jets and kpc-core (Fig. 8), which suggest that the
jets have not been replenished with energetic particles for most
of their lifetime.

The indications given by the map of break frequency confirm
what was previously observed in the spectral index map between
the VLA observations at 4.9 and 14.9 GHz (Ekers et al. 1983;
Geldzahler & Fomalont 1984) that attributed the steepening of
the spectral index in the jets to their radiative ageing.

7. Discussion
7.1. The formation of the radio lobes

The properties of the flux density spectrum of the lobes of For-
nax A are puzzling when compared to their projected size. Typ-
ically, lobes extending in the IGM for hundreds of kiloparsecs
are either the remnant of an old nuclear activity, and show a
steep spectrum with low break frequency, or they are currently
being injected with relativistic particles and show a jet or stream
of particles connecting the AGN with the lobes. In the previous
section, we showed that the most remarkable properties of the
lobes of Fornax A are the flat spectral shape and high break fre-
quency (220 GHz) of their radio emission, and that the nuclear
activity that was replenishing the lobes with high-energy par-
ticles was short (~24 Myr) and had recently stopped (~12 Myr
ago). The main open question therefore pertains to how these
large lobes have formed in such a short time.
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Fig. 11. Spectral index map of the radio emission of Fornax A. The white circles mark the regions where we analyse the spectral differences within
the lobes. The panels show the best fit JP model for the spectra of each region (further details are given in Sect. 6). Regions at the edge of the lobes

have a higher break frequency than the bridge and the inner regions.

We estimate a dynamical age for the lobes of Fornax A by
assuming that their expansion was transonic. If the energy den-
sity of the relativistic fluid is comparable to that of the IGM, the
lobes may have expanded at the speed of sound:

k
Fgas o1 >
Himy

13)

where I'gys = 5/3, 4 = 1 is the mean molecular weight of the
gas, and kg and my, are the Boltzmann’s constant and the mass
of the hydrogen atom, respectively. Given that the temperature
(T) of the IGM surrounding Fornax A (60 < r < 350kpc) is
~2.7x107 K (~0.65-0.77 keV, as measured from the X-ray emis-
sion of the hot halo of NGC 1316; Isobe et al. 2006; Nagino
& Matsushita 2009; Gaspari et al. 2019), the speed of sound is
¢, = 529kms~!. If the lobes expanded through the IGM at this
speed, it would have taken ~200 Myr to reach their current size.
As shown in Fig. 14, this age is one order of magnitude larger
than the radiative age inferred from the break frequency of the
spectrum of the lobes (~24 Myr).

To estimate the error on the dynamical expansion, we
assumed that its speed could range between double the speed
of sound (1058 kms~!) and half of it (~264 kms™!); this corre-
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sponds to a change in the temperature of the IGM by a factor
of four. The lower limit is close to the buoyancy speed used to
estimate the age of the X-ray cavities detected between the lobes
and the central emission of Fornax A (Lanz et al. 2010). The
upper limit of the dynamical age of the radio lobes is ~400 Myr
and the lower limit is ~90Myr. In order for the dynamical
age to be compatible with the radiative age, the temperature
of the IGM must be at least one order of magnitude larger
(~108 K), which is not compatible with the X-ray measurements
of the IGM of Fornax A. These high temperatures are typical
of cluster environments, such as for example Virgo A, where a
rapid supersonic dynamical inflation has been observed (M 87,
de Gasperin et al. 2012). Conversely, Fornax A is located at
the edges of the Fornax cluster, where the IGM is much cooler
(Gaspari et al. 2019).

We point out that the radiative age we infer from synchrotron
radiation is maximal when the magnetic field is close to the
field of equipartition (Beq/ V3; Murgia et al. 2012). As shown
in Fig. 14, the magnetic field in the lobes (Beq = 2.6 + 0.3 uG;
Isobe et al. 2006; Tashiro et al. 2009) is very close to the value
for which the radiative age is maximal.

Figure 14 indicates that the radiative age of the lobes of For-
nax A and the dynamical age are incompatible. It is possible
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Fig. 12. Break-frequency map inferred from the spectral index map shown in Fig. 9. The PSF of the map is 10” x 10”. Contour levels show the

1.44 GHz radio emission.

that in a single powerful episode of nuclear activity, supersonic
jets carved their way through the IGM and shaped the lobes of
Fornax A as we see them now. This phase recently stopped,
which would explain the absence of jets and or hot-spots and
the spectral shape of the lobes. The main argument disfavour-
ing this solution is the axial ratio of the lobes. This is defined
as the length of both lobes divided by the total extent of the
source (Leahy & Williams 1984). Typically, in AGNs where
the radiative age of the particles of the lobes is similar to their
dynamical time of expansion the axial ratio is low (Hardcastle
& Worrall 2000; Mullin et al. 2008), while it is close to unity in
Fornax A.

Another possibility is that the lobes of Fornax A formed
through multiple episodes of activity and that we currently
observe the remnant of the last phase, which started approx-
imately 24 Myr ago and was interrupted 12 Myr ago. If the
lobes, filled with low-energy particles and under-pressured with
respect to the surrounding IGM, were already present because

of previous activities, a new nuclear phase may rapidly fill them
with new high-energy particles which now dominate the radio
emission of the source. This scenario would explain the overall
flat radio spectrum of Fornax A and its high break-frequency.
Although the low-energy particles, remnants of the previous
phases, are dominating the number density of the lobes, they
may be negligible in the flux density for two reasons: First, while
the source is not active, the particles expand in the IGM losing
energy and shifting to lower frequencies. Second, any new injec-
tion collects the most energetic particles at the edge of the lobes
sweeping away the low-energy ones. This may also explain the
double-shell structure of the lobes of Fornax A. The high-energy
particles collect at the outer edge of the lobes (which shows
flat spectrum), while the less energetic (and older) particles are
swept away in a back-flow. This is formed by the inner edges
of the lobes and the bridge, which both show a steep spectrum
(see Fig. 9). Two separate AGN outbursts have also been pro-
posed by Lanz et al. (2010) to explain the location of the X-ray
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Fig. 14. Comparison of radiative and dynamical age of Fornax A as a
function of the magnetic field. The radiative age (red shaded region)
is derived from the spectral break measured in the two lobes. The
dynamical age is shown in blue. The green region shows the mag-
netic field measured in the lobes from X-ray inverse Compton emission
(lﬁc ~2.6=+ 0.3/1(})

cavities relative to the radio lobes of Fornax A. The formation
process of the lobes of Fornax A may have been similar to that of
Hercules A. This galaxy shows no clear indication of hot-spots
in the lobes, and their double-shell lobe structure has been inter-
preted as a new activity replenishing high-energy particles in the
cocoon, remnant of the previous activity (Gizani & Leahy 2003).

Different episodes of activity would also explain why it is
difficult to classify Fornax A as a FRI or a FR II galaxy (Fanaroff
& Riley 1974). Its low R parameter (R = Sype—core/(Stor —
S kpe—core) = 4 X 107%), the non-beamed jets, and a lack
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of hot-spots in the lobes would classify Fornax A as a FRI
source (Morganti et al. 1993). However, the [O 1] luminosity is
too low for FRI sources (7.96 x 1073 erg s~ cm~2; Tadhunter
et al. 1993) and most of the flux is included in the extended
lobes, as is common in FRII galaxies. Likely, the first phase of
activity that formed the lobes was much more powerful than the
activity of the central emission. Another explanation of the dif-
ficulty in classifying Fornax A as an FRI/FRII galaxy may be
that, because of the peculiar motions of the host galaxy and of
the lobes in the ISM, the galaxy moved away from where it was
inflating the lobes (Ekers et al. 1983). If at the time of the last
inflation the galaxy was located where the bridge is, then the
flatter-spectrum regions at the edges of the lobes could be the
remnants of the hotspots of a past FRII activity. Nevertheless, the
relative velocity between the galaxy and the lobes would be very
high (~2450kms™'), because the last inflation stopped 12 Myr
ago and during this time the galaxy should have moved approxi-
mately 30 kpc.

Emission from proton—proton (p—p) collisions of cosmic
rays with the thermal plasma within the filaments of the lobes
of Fornax A, along with inverse Compton scattering, has been
invoked to explain the properties of the radio, X-ray, and y-ray
emission of Fornax A (Seta et al. 2013; McKinley et al. 2015;
Ackermann et al. 2016). In the radio band, emission arising from
hadronic collisions should result in a single power law spectrum
at radio frequencies (see Eq. (9) in Dolag & EnBlin 2000). In
Fornax A, the radio lobes show a clear curvature in the total
spectrum (Figs. 7 and 15), as well as in most regions within the
lobes (at the resolution of 3’, see Sect. 6.1 and Fig. 11). A sin-
gle power law does not accurately describe the spectral shape of
the lobes of Fornax A, which suggests that hadronic collisions
are not the dominant process characterising their radio emission.
The only exception may be region W; (see Fig. 11) which shows
the highest break frequency and the flattest spectrum of the west
lobe. Interestingly, this region coincides with the peak of the
y-ray emission (Ackermann et al. 2016). There, it is possible
that interactions between the relativistic plasma and high-energy
particles of the IGM are occurring, as suggested by McKinley
etal. (2015).
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7.2. The flickering activity of Fornax A

In Sect. 5, we studied the radio spectrum of the lobes, and cen-
tral emission of Fornax A. We measured the injection index and
break-frequency from which we estimated the total radiative age
of the lobes and central jets and examined whether these com-
ponents are still being injected with relativistic particles. Given
our results, we are now in a position to provide a timescale for
the nuclear activity of Fornax A.

In Fig. 15, we show the flux density distribution of the east
and west lobes and of the kpc-core and jets. The dashed lines
show the best-fit model to the spectra. For the jets and lobes
the best-fit model is the Clopr model, with similar injection
index (@i ~ 0.6), while the kpc-core is best described by the
CI model. From the spectral modelling, we derive a total radia-
tive age for the lobes of ~24 Myr, showing that they have not
been injected with relativistic particles for the last 12 Myr. The
jets show a total radiative age of ~3 Myr and have been off for
most of their lifetime (fopr/f; = 0.89). These radiative ages
seem to indicate that the AGN turned on again for a very short
phase (<1 Myr), when the lobes had been off for already ~9 Myr.
The spectral index and break frequency maps (Fig. 13) con-
firm that the radiative age of the jets increases radially, with
the younger regions closer to the kpc-core, and suggest that the
nuclear activity that generated the jets was a short, low-power
episode where the plasma ejected by the AGN remained con-
fined in the centre of the galaxy (r < 6kpc). Given the short
timescales of the different nuclear activities, Fornax A is likely
to be flickering rapidly between an active phase and a non-active
one.

Another argument in favour of the multiple nuclear activities
of Fornax A is given by the location of the jets and lobes in the
jet-core luminosity function of radio AGNs (Parma et al. 1987).
The ratio between the jet power and kpc-core power fits nicely in
the jet-core luminosity function for objects of this radio power.
The ratio between the total radio power (~2.0 X 10 WHz !,
dominated by the emission of the lobes) and the jet radio power
is low for a source of this luminosity, and this would make
Fornax A an outlier in the jet radio luminosity function.

Currently, the central nucleus may be in a new active phase,
as suggested by the flat spectral shape of the kpc-core, com-
patible with the CI model (Fig. 8). In the centre of Fornax A,
Parkes-Tidbinibilla interferometric (PTI) observations (Jones
et al. 1994; Slee et al. 1994) did not detect any emission at
2.2 and 8.4 GHz over scales of 90 and 27 mas (~10 pc and 3 pc,
respectively) down to lo-noise levels of 3 and 6 mJy, respec-
tively. This corresponds to a brightness temperature of ~10° K
suggesting that at the time of the observations the radio emission
of the core of Fornax A was very weak (<2.0 x 102 WHz™!).
It is possible that the core of Fornax A is variable over short
timescales, and new sub-arcsecond resolution observations may
provide further insight into its activity.

The radio emission of Fornax A allows us to distinguish three
phases of nuclear activity, the one that last injected the lobes, the
one that formed the jets, and that of the kpc-core. In the previous
section, we suggested that a possible explanation for the axial-
symmetry of the lobes and their flat spectral index and high break
frequency could be that we are currently observing only the last
episode of injection, but that multiple episodes of activity may
have occurred in the past. This further corroborates the inter-
pretation that the nuclear activity of Fornax A is flickering. The
recurrent activity of Fornax A may fit well in the theoretical sce-
nario of AGN evolution whereby the central engine is active for
short periods of time (10*~> years), and that these phases recur-

sively occur over the total lifetime of the AGN (10® years; e.g.
Schawinski et al. 2015; King & Nixon 2015; Morganti 2017).

The environment in which Fornax A is embedded likely
plays a crucial role in regulating its flickering nuclear activity.
NGC 1316 is a merger remnant and the most massive early-type
galaxy of a group falling into a cluster. The same MeerKAT
observation used in this paper was analysed for spectral lines
by Serra et al. (2019), leading to the conclusion that the merger
occurred between a dominant, gas-poor lenticular and an approx-
imately ten times smaller Milky Way-like galaxy. The cold ISM
of this smaller progenitor was partly expelled out to a large
radius along tidal tails (My, ~ 7 x 10® M) and partly flowed
towards the centre (My, ~ 4 X 10 My). There, it is now mostly
found in molecular form (6 x 10® M, Horellou et al. 2001;
Morokuma-Matsui et al. 2019), and has triggered a burst of
star formation (Kuntschner 2000; Silva et al. 2008) at about the
same time as the formation of the globular clusters (1-3 Gyr ago;
Goudfrooij et al. 2001; Sesto et al. 2016, 2018). This merger may
have triggered first the AGN for the first time, but is not respon-
sible for the most recent (~24 Myr) episode of injection of the
lobes that we observe now.

After the major merger, NGC 1316 went through sev-
eral accretion events and minor mergers of smaller compan-
ions (Iodice et al. 2017), for which, at this stage, we do not
know the typical gas content. These numerous interactions may
have regulated the switching on and off of the multiple episodes
of activity that formed the lobes as we see them now. Merger
and interaction events are often invoked to explain the trigger-
ing of powerful AGNs (e.g. Heckman et al. 1986; Hopkins et al.
2005; Ramos Almeida et al. 2012; Sabater et al. 2013). Chaotic
accretion of cold clouds is also an efficient mechanism to trig-
ger and regulate the recurrent activity of AGNs (e.g. Gaspari
et al. 2013; King & Nixon 2015; Gaspari et al. 2017, 2018). This
mechanism, where cold clouds condense from turbulence in the
hot halo of galaxies, is observed in early-type galaxies typically
residing in dense environments such as clusters and groups (e.g.
Tremblay et al. 2016; Maccagni et al. 2018; Juranova et al.
2019; Storchi-Bergmann & Schnorr-Miiller 2019; Nagai et al.
2019). Given the distribution of the cold gas in the group of
Fornax A, and the evidence for the occurrence of multiple inter-
action events, it is possible that one of these triggering mech-
anisms, or a combination of the two, regulates the flickering
activity of Fornax A.

8. Summary and conclusions

Here we present new observations of Fornax A taken at ~1 GHz
with MeerKAT and at ~6 GHz with the SRT. We used these data,
along with archival observations of this source between 84 MHz
and 217 GHz, to characterise the flux density distribution of the
lobes and of the central emission of Fornax A. The spectral mod-
elling of these components revealed that the lobes are not cur-
rently being replenished with energetic particles, and that this
activity ceased about 12 Myr ago. In the centre, the central emis-
sion is not the remnant of the active phases that formed the lobes,
but is tracing more recent activity of the AGN. The radiative
ageing along the jets suggests that the injection phase was short
(<1 Myr), and that the jets have been off for most of their lifetime
(torr ~ 2 Myr).

The MeerKAT observation allowed us to obtain crucial infor-
mation about the lobes of Fornax A and their spectral properties.
The filaments appear embedded in a diffuse cocoon forming a
double-shell structure. The outer edges of this shell with respect
to the AGN have flat spectrum and high break frequency (see
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Fig. 15. Radio spectrum of the different components of Fornax A. The
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in magenta and green, respectively. The dashed lines show the model of
injection that best fits the flux distributions. The spectral shape of the
lobes is very different from that of the inner components.

Figs. 9 and 12), while the inner regions and the bridge connect-
ing the lobes show steep spectrum and lower break frequency.
The comparison between the radiative age of the lobes and the
dynamical age (Fig. 14) suggests that multiple nuclear activities
inflated the lobes with high-energy particles, and that currently
we are measuring the radiative age of the last of these recurrent
episodes, which may also explain the double-shell morphology
of the lobes.

The spectra of thekpc-core and jets (Fig. 8) suggest that
the recent nuclear activity that formed them was shorter and
likely less powerful than the previous one that inflated the lobes.
As shown in Fig. 15, currently in Fornax A it is possible to
observe three distinct phases of activity: the remnant phase that
last injected the lobes, the more recent phase that generated the
jets, and the current activity of thekpc-core. Given the short
timescales of the nuclear activities we identified, Fornax A is
likely rapidly flickering from an active nuclear phase to a non-
active one.

Further information about the recurrent activity of Fornax A
and, in particular about the last activity that generated the central
emission, may be found in the study of the kinematics and distri-
bution of the cold gas in the centre of the galaxy, along the jets.
There, the molecular gas shows kinematics deviating from reg-
ular rotation, suggesting that part of the gas may be involved in
the feeding of the AGN (Morokuma-Matsui et al. 2019). Neutral
hydrogen clouds have also been detected at the same locations as
the molecular gas (Serra et al. 2019). The analysis of its distribu-
tion and kinematics in relation to the nuclear activity of Fornax A
will be presented in a following paper.
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Appendix A: Continuum images of Fornax A from
archival data

A.1. MWA: 84-230 MHz

To characterise the radio spectrum of Fornax A at low frequen-
cies (84-200 MHz) we select MWA archival observations from
the GLEAM survey. The images are shown in Fig. A.1. As
reported by McKinley et al. (2015), self-calibration is known to
affect the flux-density scale of MWA images of Fornax A. For
this reason in their work on Fornax A, these latter authors cal-
culated a flux-scaling factor of 1.325. We apply the same scal-
ing factor to our flux measurements obtaining compatible results
(see Table B.1 and Fig. B.1).

A.2. VLA: p-band, 1500, 4800 MHz and 14.4 GHz

We select VLA observations of Fornax A to analyse both the
flux density of the lobes (at 320MHz and 1500 MHz) and
the central emission of Fornax A (at 4.8 GHz and 14.4 GHz).
The bandwidth, PSF and noise of the images are summarised in
Table 2. The p-band observations of Fornax A were taken on
May 12 1989 with configurations B and C. The total integra-
tion time was 2.5 h. For the purposes of this work, we performed
a new data reduction. Calibration and imaging were per-
formed with the Astronomical Image Processing System (AIPS).
De-convolution was done with multi-scale cleaning, and
direction-dependent calibration has been used in the self-
calibration phase. The resulting continuum image is shown in
the left panel of Fig. A.2.

The image at 1500 MHz shown in the right panel of the figure
as presented for the first time in Fomalont et al. (1989). It is the
mosaic of multiple pointings centred on the lobes, with all VLA
configurations.

As illustrated in Sect. 2, the highest-resolution observations
are chosen to study the central radio emission. Both images at
4.8 GHz and 14.4 GHz (see Fig. 4) were taken from the NRAO
VLA archive survey images® without applying any further mod-
ification. The image at 4.8 GHz was produced on February 21,
2007, from observations taken on October 6, 2002. The image
at 14.4 GHz was produced on March 6, 2007, from observations
taken on January 24, 2002.

A.3. Planck: 30 GHz—217 GHz

We obtained images of Fornax A at 30, 44, 70, 100, 143 and
217 GHz analysing the final release of the Planck foreground
maps (Planck Collaboration IV 2020). From these maps, we cut
out an image four degrees wide centred on Fornax A.

At frequencies >100GHz thermal dust emission domi-
nates over the non-thermal emission (Planck Collaboration XI
2014; Planck Collaboration X 2016). The Planck collabora-
tion released full-mission maps of the thermal dust component
at 353 GHz, 545 GHz and 857 GHz (Planck Collaboration IV
2020). The separation of the thermal dust emission from the
other components can be done using different methods (Planck
Collaboration X 2016; Planck Collaboration Int. XLVIII 2016).
Here, we use the products of the Generalized Needlet Internal

5 http://www.aoc.nrao.edu/~vlbacald/ArchIndex.shtml
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Linear Combination (GNILC) component separation presented
in Planck Collaboration Int. XLVIII (2016). The SED of thermal
dust is well described by a modified blackbody:

v )ﬁobs

I, = TVOBV<TobS>(— (A1)
Yo

where vy = 345 GHz is the reference frequency at which the
optical depth 7,, is estimated, S is the spectral index of the dust
and Tops its temperature. B, (7o) indicates the flux density of
the blackbody. Using the maps of the optical depth, temperature,
and spectral index of the dust emission (Planck Collaboration
IV 2020) produced by the GNILC component separation includ-
ing also IRAS observations at 100 um, we produced maps of
the dust thermal emission at 100 GHz, 143 GHz, and 217 GHz.
These maps were subtracted pixel by pixel from the archival
foreground emission maps.

Analogously to the dust, free-free emission also contributes
diffuse foreground emission and needs to be subtracted from the
Planck maps to determine the correct flux density of Fornax A.
Using the maps of emission measure and electron tempera-
ture (Planck Collaboration X 2016; Planck Collaboration IV
2020) produced by the GNILC component separation, we gen-
erated maps of the free-free emission at all HFI frequencies, and
we subtracted them from the foreground dust-subtracted maps.

Besides the thermal dust and the free-free components, the
Cosmic Infrared Background (CIB) also contributes to the flux
of the Planck foreground maps. Since this component is dif-
fuse on scales larger than Fornax A, we corrected the images
of Fornax A subtracting the average value of the CIB reported in
Planck Collaboration I (2016).

Planck images are released in HEALPix format, in units of
Tcwms (i.e. CMB anisotropies, AT /T). We regridded the images
to WCS projection in equatorial coordinates, and we converted
them to units of MJy/sr as follows:

C
Sy IMIy/st] = S, [Tews] x 10 —— L. 22
) ) TCMB X e -1
where 0 = vps/29.979, x = 143880 /Tcme, Tems = 2.725K
and C = 2.99 x 10'°cms™'. Then:

xe*

(A2)

S v, Jy beam™'] = 2350443 x 107 - S, [MJy st ']x
®maj,v[”] ®min,v[”] .
2.35482 2.35482

Figure A.3 shows the centre of the field of view of the Planck
images of Fornax A between 30 and 217 GHz in units of
Jy beam™!, subtracted of the dust, free-free and CIB back-
grounds. In the LFI band the lobes of Fornax A are unresolved,
or resolved with at most one resolution element (70 GHz), in the
HFI band the lobes are resolved, but fall below the sensitivity of
the observations at >143 GHz.

As illustrated in Sect. 2, the noise in the Planck images sur-
rounding Fornax A is not white. Hence, to make a reliable esti-
mate on the error on the flux of Fornax A, we measure the noise
as the standard deviation from the average flux density measured
in the field of view in 100 regions of the same size of the lobes
of Fornax A (Fig. A.3).
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Fig. A.1. Fornax A seen by the MWA between 70 MHz and 230 MHz. The colour-scale is the same in all panels. In the left panel, the white
contours mark the region where we measure the total flux of the source, the red and blue contours show the regions of the east and west lobes. The

PSF of the images is shown in white in the bottom left corner.
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Fig. A.2. Fornax A seen by the VLA at 320 MHz and 1500 MHz. The colour-scale is the same in both panels. As in the previous figures, the
regions in the left panel show where we measure the flux density of the radio lobes. The PSF of the images is shown in white in the bottom left

corner.
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Fig. A.3. Fornax A seen by the Planck LFI at 30, 44 and 70 GHz, and by Planck HFI at 100, 144 and 217 GHz. At 217 GHz the lobes of Fornax A
are undetected. The colour-scale is the same in all panels. The PSF of the images is shown in white in the bottom left corner. The blue and red
regions in the fop left panel indicate where we measure the flux density of the east and west lobes.
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Appendix B: The total flux density distribution
of Fornax A

In Table B.1 we show the total flux density distribution of For-
nax A measured in this work along with the previously published
measurements of McKinley et al. (2015) and Perley & Butler
(2017). McKinley et al. (2015) show the spectrum of Fornax A
between 4.7 MHz and 1.3 x 10'8 MHz, making use of archival
observations as well as new MWA, WMAP, Planck and Fermi-
LAT observations. Perley & Butler (2017) focus in extending the
flux calibration scale of Fornax A between 200 and 500 MHz.
As shown in Fig. B.1, the measurements of the total flux den-
sity of Fornax A presented in this work are compatible within
the errors with the measurements previously published. The left

panel of the figure shows that the flux measured at 1.50 GHz by
the VLA is slightly lower than what expected, compared to the
MeerKAT measurement at 1.44 GHz. It is possible that the lim-
ited coverage of the VLA over short baselines misses part of the
flux of the lobes ($5%). The measurements in the low SRT fre-
quencies (v < 6300 MHz) also seem not to be compatible with
the monotonous trend of the spectrum from synchrotron radia-
tion. These errors may be caused by the opacity correction we
applied (Eq. (1)), that does not take into account the frequency-
dependence of the opacity. This may lead to underestimation
of the flux in the low-frequency end of the band. These errors
are negligible for the purposes of this study. We point out that
this correction becomes important at SRT only for low-elevation
observations, such as the one of Fornax A.
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Fig. B.1. Left panel: total flux density distribution of Fornax A between 84 MHz and 217 GHz measured in this work (black), between 4.7 MHz
and 143 GHz by McKinley et al. (2015) (blue) and between 232 MHz and 470 MHz by Perley & Butler (2017) (green). Right panel: zoom of the
left panel between 200 MHz and 7 GHz, the bandwidth used to make the spectral index maps discussed in Sect. 5.1.
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Table B.1. Total flux density of Fornax A.

Frequency Flux density (this work)  Flux density (McK) Flux density (PeR) Telescope/Reference
[GHz] Uyl Uyl Uyl (-]

470 % 1073 13500+20% ) Ellis & Hamilton (1966)
1.83 x 1072 3500+20% Shain & Higgins (1954)
1.97 x 1072 4300+20% Shain (1958)
2.99 x 1072 2120+10% Finlay & Jones (1973)
8.40 x 1072 788 £ 158 950+20% MWA

0.118 692 + 138 MWA

0.154 642 + 125 750+19% MWA

0.189 519+5% Bernardi et al. (2013)
0.200 533 + 107 MWA

0.232 416+£5% VLA

0.246 433+5% VLA

0.275 395+5% VLA

0.296 366+5% VLA

0.312 346+5% VLA

0.320 343 + 17 VLA

0.328 345+5% VLA

0.344 335+5% VLA

0.356 318+3% VLA

0.382 313+3% VLA

0.392 309+3% VLA

0.400 140+10% McGee et al. (1955)
0.403 309+3% VLA

0.408 259+10% Cameron (1971)
0.421 294+3% VLA

0.437 283+3% VLA

0.456 274+3% VLA

0.470 275+3% VLA

0.600 310+25% Piddington & Trent (1956)
0.843 169+9% Jones & McAdam (1992)
1.03 163 £ 8 MeerKAT

1.42 125+8% VLA

1.44 128+ 6 MeerKAT

1.50 121 +6 117+10% VLA

2.70 98+10% Shimmins (1971)
5.00 54+5% Gardner & Whiteoak (1971)
5.70 44 +2 SRT

5.90 44 +£2 SRT

6.10 44 +2 SRT

6.30 44 +2 SRT

6.50 43 +2 SRT

6.70 41 +2 SRT

6.87 39+1 SRT

22.5 14+5% WMAP™

30.0 85+13 11+7% Planck

32.8 9.4+6% WMAP

40.4 6.6+9% Planck

44.0 4.6+0.7 6.1+20% WMAP

60.4 47+15% WMAP

70.0 29+0.5 3.0£17% Planck

100 09+04 1.2+25% Planck

143 0.3+0.5 0.29+51% Planck

217 0.7) Planck

Notes. Column (1) shows the frequencies at which we measure the flux density of Fornax A. Column (2) shows the flux densities measured in
this work. Column (3) shows the flux densities shown in McKinley et al. (2015). Column (4) shows the flux densities shown in Perley & Butler
(2017). Column (5) indicates the telescope used for the measurements, or the reference to the published fluxes. indicates flux densities that have
not been included in the study of the SED. W"WMAP: Wilkinson Microwave Anisotropy Probe (Bennett et al. 2013).
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