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Abstract

The prominent radio source Hercules A features complex struc-
tures in its radio lobes. Although it is one of the most compre-
hensively studied sources in the radio sky, the origin of the ring
structures in the Hercules A radio lobes remains an open question.
We present the first sub-arcsecond angular resolution images at
low frequencies (<300 MHz) of Hercules A, made with the Interna-
tional LOFAR Telescope. With the addition of data from the Karl
G. Jansky Very Large Array, we mapped the structure of the lobes
from 144 MHz to 7 GHz. We explore the origin of the rings within
the lobes of Hercules A, and test whether their properties are best
described by a shock model, where shock waves are produced by
the jet propagating in the radio lobe, or by an inner-lobe model,
where the rings are formed by decelerated jetted plasma. From
spectral index mapping our large frequency coverage reveals that
the curvature of the different ring spectra increases with distance
away from the central active galactic nucleus. We demonstrate
that the spectral shape of the rings is consistent with synchrotron
aging, which speaks in favor of an inner-lobe model where the rings
are formed from the deposition of material from past periods of
intermittent core activity.
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3.1 Introduction
The origin of the three bright rings in the lobes of the notable radio source Her-
cules A (Bolton 1948) has remained unclear since their identification by Dreher &
Feigelson (1984). Understanding the formation of such rings in the radio lobes of
active galactic nuclei (AGN) provides insight into the dynamics of the relativistic
jets, the role of shock waves, and particle acceleration in the lobes of radio AGN.
Hercules A is associated with a central dominant (cD) galaxy located in the center
of a galaxy cluster at a redshift of z = 0.154 (Greenstein 1962), and is known for its
extreme brightness and large angular scale. Hercules A spans approximately 190
by 60 arcseconds on the sky (530 by 170 kpc), and has a flux density of roughly
45 Jy at 1.4 GHz, enabling detailed studies of the structure of the entire source,
from the freshly emitted jets to the old diffuse plasma in the lobes. Therefore, the
source is used as a standard to assess the physics of fainter lobed AGN.

Hercules A displays complex structures in its lobes that have been difficult to
interpret relative to the standard Fanaroff-Riley (FR) I and II schemes (Fanaroff
& Riley 1974; Meier et al. 1991). The source has two bright radio lobes; however,
the characteristic hotspots of FR II-type radio galaxies are absent. Similarly, while
Hercules A is jet-dominated, the lobes feature hard outer edges instead of fading
away into the intracluster medium (ICM), as is typical for an FR I-type source. For
these reasons, Hercules A is generally categorized as an intermediate FR I/II source
(e.g., Meier et al. 1991; Sadun & Morrison 2002; Saxton et al. 2002; Gizani & Leahy
2003). The eastern lobe is dominated by a bright jet from the AGN that slowly
diffuses into the lobe, while the western lobe mainly shows a very distinct series
of three rings (Dreher & Feigelson 1984; Mason et al. 1988) at projected distances
of between 55 kpc and 230 kpc from the host galaxy. The jets from the AGN
produce Alfvénic perturbations that cross the relativistic plasma of the lobes and
induce brightness fluctuations. Recent investigations by Gizani & Leahy (1999,
2003, 2004) used both radio observations from the Very Large Array (VLA) and
X-ray observations from the Röntgensatellit (ROSAT) to study Hercules A. They
concluded, based on the observed rotation measure features and an analytical
model for the magnetic field strength, that the eastern jet is orientated towards
us while the western jet is receding from us at an inclination angle of 50◦ relative
to the line of sight. In addition, they suggested that the apparent absence of a
jet structure in the western lobe could be due to Doppler dimming, which could
be as strong as a factor of ∼ 20 (Gizani & Leahy 2003). Subsequent research by
Gizani et al. (2005) at 74 MHz and 325 MHz using the VLA–Pie Town link (Lane
et al. 2005) found that the spectral differences between the jets and the lobes at
these low frequencies are smaller than those observed at higher frequencies (Gizani
& Leahy 2003). Such spectral differences imply the presence of regions of various
ages, thereby supporting the multiple outbursts interpretation. Unfortunately, the
limited angular resolution of the VLA–Pie Town link (∼ 10 arcseconds at 74 MHz)
did not permit a detailed investigation of the rings.

Despite the many studies focused on understanding the structure of Hercules A,
a few key features of the lobes remain a mystery. Of particular interest for this
paper is the origin of the rings present in the western lobe. Two models have
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Figure 3.1: Radio images of Hercules A constructed from the LOFAR HBA (144 MHz,
top panel), the VLA L band (1.5 GHz, middle panel), and VLA C band (7 GHz, bottom
panel). The scale bar in the bottom right corner of each panel measures 100 kpc at
the redshift of Hercules A. The color scale of each image goes from three times the rms
noise level to the peak brightness. The synthesized beam sizes of the three images are
indicated by the white oval in the bottom left corner of each panel, and are summarized
along with the rms noise levels in Table 3.1.
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been proposed (e.g., Mason et al. 1988; Meier et al. 1991; Morrison & Sadun 1996;
Saxton et al. 2002; Gizani & Leahy 2003): either the rings are caused by a series
of shocks between the old lobe material and new material from jet outbursts or
the rings form the surfaces of multiple inner lobes associated with separate AGN
outbursts.

In the shock model, adiabatic compression and particle acceleration are as-
sumed to be responsible for producing thin and curved emission regions, which
closely match the observed morphology of the rings. Although it is an idealized
assumption that the compression is adiabatic, this is a commonly employed as-
sumption when studying shock models in Hercules A and other sources (e.g., Meier
et al. 1991; Brüggen et al. 2007; Jubelgas et al. 2007). However, the shock model
is difficult to match with the spectral indices of the rings, which are relatively
flat compared to the lobes, even at low frequencies. This implies that the shock
wave induces a significant amount of particle acceleration. Although the observed
spectral indices are not unusual for shock waves, it is peculiar that the outermost
ring in the western lobe features a significantly steeper spectrum. Assuming that
the lobe spectrum evolves mainly due to aging, the spectral index of the outer-
most ring could be obtained solely through adiabatic compression. In addition,
the spectra of the rings have been found to be similar to that of the eastern jet,
which would have to be merely a coincidence (Gizani & Leahy 2003).

In the second scenario the rings could be formed as the surface of inner lobes.
As the jetted plasma decelerates, its beaming is reduced and its apparent bright-
ness increases. This also provides an explanation for the lack of visible rings in
the eastern lobe, where this effect works in the opposite way. Time retardation
between the two lobes due to their inclination to the line of sight can also break
their symmetry. Without invoking any particle acceleration, the steep spectrum of
the outermost ring is no longer problematic. However, this strong rim-brightening
is generally not observed in lobes.

Using new International LOFAR Telescope observations at 144 MHz, and Karl
G. Jansky Very Large Array (VLA) observations in both the L and C bands, we aim
to study the spectral properties of Hercules A between 144 MHz and 7 GHz at sub-
arcsecond angular resolution. This wide range of observing frequencies provides
an unparalleled data set to study the spectral properties of the source, and to test
for any spectral turnovers due to absorption mechanisms, which generally occur
at frequencies below 1 GHz. Furthermore, the unprecedented angular resolution
and sensitivity at low frequencies provide a large lever arm in frequency space,
facilitating an investigation into the origin of the rings in the Hercules A lobes.

In this paper we adopt a ΛCDM cosmology with a Hubble parameter of H0 =
67.4 km s−1 Mpc−1, a matter density parameter of Ωm = 0.315, and a dark energy
density parameter of ΩΛ = 0.685 (Planck Collaboration 2020). We define our
spectral indices α according to S ∝ να, where S is flux density and ν is frequency.
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Figure 3.2: Spectral index maps of Hercules A between 144 MHz and 1.5 GHz (top
panel), 144 MHz and 7 GHz (middle panel), and 1.5 GHz and 7 GHz (bottom panel).
The contours indicate the L-band emission (1.5 GHz), and are drawn at [1, 2, 4, 8, ...]
× 5σrms, where σrms = 224.2 µJy beam−1.
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Figure 3.3: Spectral index curvature map of Hercules A. The spectral index curvature is
calculated as the spectral index between 144 MHz and 1.5 GHz minus the spectral index
between 1.5 GHz and 7 GHz. The red regions indicate where the spectrum is steeper
at high frequencies than at low frequencies, whereas the blue regions indicate where the
spectrum is flatter at high frequencies than at low frequencies. The contours indicate the
L-band emission (1.5 GHz), and are drawn at [1, 2, 4, 8, ...] × 5σrms, where σrms = 224.2
µJy beam−1.

3.2 Observations and data reduction

3.2.1 LOFAR
Hercules A was observed with LOFAR’s High Band Antennas (HBA, Van Haarlem
et al. 2013) at frequencies between 120 and 168 MHz (PI: Timmerman, Project
code: LC14-019). The data were recorded with spectral channels of 12 kHz to
cover a total bandwidth of 48 MHz and with a time resolution of 1 second per
integration. The observation took place on 8 June 2020, for a duration of 4 hours.
The gain and bandpass calibrator source 3C 295 was observed for 10 minutes be-
fore and after the target scan. The initial data reduction was performed using
Prefactor (Van Weeren et al. 2016; Williams et al. 2016; de Gasperin et al.
2019), which performed the initial flagging and used a model of the calibrator
source to derive the calibration solutions for the Dutch stations. In particular,
Prefactor first derived the polarization alignment and Faraday rotation. Based
on these solutions, it derived the bandpass calibration solutions. Next, the clock
corrections were derived by clock-total electron content (TEC) separation. These
calibration solutions were then applied to the target data, after which the data
were flagged again and averaged to a time resolution of 8 seconds and frequency
channels of 98 kHz. Finally, a sky model of the target was obtained from the TIFR
GMRT Sky Survey (TGSS) and used to perform a phase-only calibration cycle.

After this, the LOFAR-VLBI pipeline developed by Morabito et al. (2022) was
employed to perform the initial calibration of the international LOFAR stations.
This pipeline applied the Prefactor solutions to the unaveraged data containing
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all stations. Then, the pipeline identified the best in-field calibrator source from
the Long Baseline Calibrator Survey (LBCS, Jackson et al. 2016, in prep.), and
used this to derive the antenna delays by solving for the TEC. In the case of this
observation, the target source Hercules A was used for this calibration step due to
its high flux density. Finally, these calibration solutions were applied to the data
to obtain the final calibrated data set.

To further improve the quality of the calibration, we performed phase and
amplitude self-calibration on Hercules A using the Default Preprocessing Pipeline
(DPPP, Van Diepen et al. 2018) for deriving and applying updated calibration
solutions and wsclean (Offringa et al. 2014) for imaging. The final imaging was
performed using the Briggs weighting scheme (Briggs 1995) with a robust param-
eter of -1, according to the Common Astronomy Software Application (CASA;
McMullin et al. 2007) definition. To calibrate the flux density scale, we scaled the
final image (see Fig. 3.1) to match the data from Kellerman et al. (1969), where we
interpolated their flux density measurements between the two nearest frequencies,
which are 38 and 178 MHz. The low-frequency measurements of Kellerman et al.
(1969) captured all of the flux density of Hercules A due to their low-resolution
observations. A correction factor of 1.09 was applied to the data from Kellerman
et al. (1969) to convert their measurements to the Scaife & Heald (2012) flux den-
sity scale, which is identical to the RCB flux density scale (Roger et al. 1973) at
these low frequencies. We assume a 10% uncertainty on the absolute flux scale
due to intrinsic problems at low frequencies.

3.2.2 Karl G. Jansky Very Large Array
In addition to the LOFAR observations, Hercules A was observed with the VLA
in the L band (1–2 GHz) and the C band (6–8 GHz) between September 2010
and September 2011 (Project code: TDEM0011). The L-band observations were
performed in the A, B, and C configurations, while the C-band observations were
also performed in D configuration. The data were recorded in full polarization
mode, with spectral channels of 1 MHz for the L-band observations and 2 MHz for
the C-band observations. To exploit the complete 4 GHz of bandwidth available
in the C band, the observations were performed separately for the lower and upper
halves of the C band. The lower half of the C-band data were recently presented
by Wu et al. (2020), and the upper half of the C-band data are now presented
along with the L-band observations for the first time. To calibrate both the flux
density scale and the bandpass, scans on 3C 286 were included in the observations.
PKS J1651+0129 was used for phase-reference calibration. The flux density scale
of the VLA observations was set to the Perley & Butler (2017) scale, which is
consistent with the Scaife & Heald (2012) flux density scale to within 5%.

The data reduction was performed using the Obit software package (Cotton
2008). First, the data was Hanning smoothed and flagged. Next, the parallac-
tic angle corrections, the delay calibration solutions, and the bandpass calibra-
tion solutions were determined. Using these solutions, the gains of the calibrator
sources were derived based on source models and the flux density scale of the
phase reference source was determined. Following this calibration procedure the
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Table 3.1: Properties of the images shown in Fig. 3.1.

HBA L band C band
Observatory LOFAR VLA VLA
Frequency (MHz) 144 1500 7000
Bandwidth (MHz) 48 1024 2048
Total flux density (Jy) 474.7 51.5 11.2
Flux scale uncertainty 10% 5% 5%
rms noise (µJy beam−1) 395.4 224.2 6.1
bmajor (") 0.547 2.085 0.396
bminor (") 0.234 1.592 0.349
bPA (deg. East of North) 1.602 -59.930 86.550

data was flagged again, and the entire calibration was repeated with all flags ap-
plied from the start. Finally, the calibration solutions were applied to the data.
To improve the calibration, Hercules A and the calibrator source, 3C 286, were
both self-calibrated. Based on the refined model of 3C 286, corrections to the am-
plitude calibration were derived and applied to Hercules A. Hercules A was first
self-calibrated based on the individual data sets. Then, these data sets were com-
bined based on their spectral bands, and finally self-calibrated again. The imaging
of the final data products was performed with multi-resolution CLEAN using the
Briggs weighting scheme with robust parameters of -2.5 (L band) and -1 (C band),
according to the Astronomical Image Processing System (AIPS) definition. We
assume a 5% uncertainty on the absolute flux scale in accordance with Perley &
Butler (2017).

3.3 Results
To investigate the nature of the rings, spectral index maps were produced between
all three observing bands, as shown in Fig. 3.2. To ensure a consistent sensitivity
to the different spatial scales, upper and lower limits on the baseline length were
applied to the LOFAR data to match both the L- and C-band VLA data. This
reduced the largest angular scale to which the data are sensitive to 4.2 arcminutes
in the case of a match with the C-band data and 20 arcminutes in the case of a
match with the L-band data, both of which exceed the maximum angular scale
of Hercules A (190 arcseconds). The resulting images were convolved to the same
synthesized beam and confirmed to be aligned based on the central compact source.
Finally, all regions below a 5σ confidence level in the spectral index map were
masked out. Tests were performed to ensure that bowl effects due to the lack of
short baselines do not introduce significant features in the spectral index maps.

In each of the spectral index maps, the jets are found to feature a spectral
index of around α = −0.8 between the three bands, which is flatter than the
typical values derived for the lobes. In the eastern lobe the flow of jetted plasma
can be clearly traced by the gradual steepening of its spectrum as it ages and
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Figure 3.4: VLA image of the western lobe of Hercules A in C band (7 GHz). The
solid black regions indicate the regions used to measure the flux density of the rings.
The regions with the dashed black borders indicate the regions used to estimate the
background surface brightness of the lobe material at the position of the rings.

merges into the lobe. The jet appears to slowly diffuse, and to reach the outer
edge of the lobe before diffusing into the lobe and eventually sinking back towards
the central galaxy. In the western lobe the jetted plasma can mostly be seen as a
relatively flat-spectrum (α > −1) region in the center of the lobe. In addition, the
rings are clearly distinguishable in the spectral index map between 144 MHz and
1.5 GHz. The spectral index of the bridge in between the two radio lobes remains
poorly constrained, as this structure is too faint in the VLA maps, but will, in any
case, have to be as steep as α = −1.8 or less to be consistent with a non-detection
in the L-band image (1.5 GHz).

For use in the Discussion (Section 4), we calculate the difference between the
spectral index maps between 144 MHz and 1.5 GHz, and 1.5 GHz and 7 GHz
(Fig. 3.3). This difference allows us to determine whether the spectral index is
constant from low to high frequencies, or if the spectral index changes. This can
be interpreted as a measure of the curvature of the spectrum. In the spectral
curvature map, the red regions indicate that the spectrum is steeper at high fre-
quencies, whereas the blue regions indicate that the spectrum is steeper at low
frequencies. In the western lobe, the three ring structures are distinguishable and
feature steepening spectra. Interestingly, each ring shows more steepening than
the previous one, counting from the core. The ring closest to the core shows an
average spectral index curvature of 0.02 ± 0.07. The ring in the middle shows an
average spectral index curvature of 0.04 ± 0.07. Finally, the farthest ring from the
AGN shows an average spectral index curvature of 0.16 ± 0.07. We note that the
uncertainties on these measurements are dominated by systematic uncertainties,
and are thus strongly spatially correlated.
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3.4 Discussion
The origin of the ring structures in the western lobe has been one of the main
topics of debate regarding Hercules A since their discovery by Dreher & Feigelson
(1984). Currently, the shock model (e.g., Mason et al. 1988; Meier et al. 1991) and
inner-lobe model (e.g., Morrison & Sadun 1996) remain in consideration, as neither
model could be easily given preference (Gizani & Leahy 2003). However, our new
observations extend the observed frequency range to much lower frequencies, while
maintaining sufficient angular resolution to clearly resolve the rings. This allows
us to measure the spectral properties of the rings over more than a decade of
frequency, facilitating a comprehensive test of which model fits the data best.

The shock model provides one explanation for the morphology of the rings. In
this model the rings are the shocks which induce adiabatic compression and particle
acceleration when irregularities in the jet pass through the lobe. This scenario is
able to recover the observed structure in the eastern lobe (Gizani & Leahy 2003).
However, this model struggles to provide a compelling explanation for the observed
spectral indices of the rings in the western lobe. First, the rings are found to
have a relatively flat spectral index. Between our two lowest frequency bands we
observe spectral indices of the rings in the western lobe of around α = −0.8, which
is consistent with the spectral index of the eastern jet. The true value is most
likely flatter than this as the observed spectral index includes contributions from
the steeper-spectrum lobe material along the line of sight to the ring. Such flat
spectral indices are unlikely to be produced merely through adiabatic compression,
as adiabatic compression can only straighten the spectrum towards the injection
spectral index (Enßlin & Gopal-Krishna 2001), and even the low-frequency spectral
index of the lobe is about α = −1.2. In comparison, the spectra of the rings at high
frequencies are flatter than the spectrum of the lobes at low frequencies, indicating
that particle acceleration is required as well. However, if particle acceleration by
shocks plays a role, then it is difficult to explain why the outermost ring in the
western jet features the steepest spectrum. The outermost ring forms the bow
shock ahead of the western jet as it is caused by the frontal collision between
the jet and the lobe. Therefore, it should be the strongest shock of the set. To
resolve this, the outermost ring requires a significantly different Mach number and
mixture between thermal and relativistic components compared to the other rings.

An alternative model posits that the rings in the western lobe are the surfaces
of inner lobes created by the jet (Gizani & Leahy 2003). As the western jet recedes
away from us, the brightness of this jet is strongly reduced by Doppler dimming.
However, as the jets form inner lobes within the old plasma, the surface of this
jetted plasma is decelerated, which reduces their Doppler dimming. This gives the
surface of these inner lobes an apparent increase in brightness from our perspective.
In the inner-lobe model, the bright rings are expected to be formed by the jetted
material, and should therefore be similar to the jet in terms of spectral index,
which is consistent with our observations. In particular, it is not problematic that
the outer ring has the steepest spectrum of the set due to radiative aging since
particle acceleration and adiabatic compression are not expected to contribute
significantly. However, the inner-lobe model does have difficulty explaining the



58 3.4. DISCUSSION

Figure 3.5: Illustration of the spectral curvature of the rings in the western lobe,
assuming a Jaffe-Perola model (Jaffe & Perola 1973). From left to right, the three panels
show the inner, middle, and outer rings with injection indices of αinj = −0.93, αinj =
−0.75, and αinj = −0.83, respectively. The hexagons indicate the total flux densities of
the rings at the three different frequencies. The error bars on these measurements are
drawn, but do not extend beyond the marker. The solid lines show the spectra of the
three rings with the amount of curvature as measured from the flux density measurements
without background subtraction. The dashed lines show the respective injection spectra
without any curvature for comparison.

morphology of the rings. Inner lobes generally do not feature rim brightening,
although this could at least partially be explained if the inner lobes are mainly
filled with the Doppler-beamed jetted stream (Gizani & Leahy 2003). The inner-
lobe model implies that the AGN experiences intermittent periods of activity,
similar to that observed in the Perseus cluster (Fabian et al. 2006), Hydra A (Wise
et al. 2007), MS0735 (Vantyghem et al. 2014), some peaked-spectrum radio sources
(Callingham et al. 2017), and the Phoenix cluster (Timmerman et al. 2022b), for
instance. In the case of Hercules A evidence of such intermittency has already been
provided by Gizani et al. (2002), who detect a possible pair of parsec-scaled radio
jets from a new outburst, and O’Dea et al. (2013), who suggest based on Hubble
Space Telescope observations that the AGN experienced an episode of activity
about 60 Myr ago, and that it restarted about 20 Myr ago.

Accurate spectral index measurements can provide valuable information on
the composition and physical conditions present in the emission region. Our low-
frequency data allow us to not only accurately determine the overall spectral in-
dex, but also detect curvature in the spectrum. In the shock model the rings are
formed by adiabatic compression and particle acceleration in the lobe. Both of
these mechanisms work to straighten out the spectrum towards a single power-law
model. On the other hand, the inner-lobe model predicts that the rings should
feature the same spectral properties as the jet, which is subject to aging. In a
synchrotron-emitting plasma, the higher-energy electrons radiate away their en-
ergy first, causing a break in the synchrotron spectrum (e.g., Scheuer & Williams
1968). As the plasma ages, this break frequency shifts towards lower frequencies,
leading to an increasingly steep spectrum at higher frequencies.

As presented in Fig. 3.3, we observe a trend where each consecutive ring, count-
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ing from the core, shows more spectral steepening. To exclude the possibility that
the spectral curvature trend emerges due to variations in the lobe emission along
the line of sight, we also measured the spectral curvature by estimating the flux
density contribution of the rings independent of the foreground material (see Fig.
3.1). We did this by first measuring the total flux density within the ring region,
and then subtracting the flux density due to the background surface brightness
of the lobe. The regions used for this measurement in the C band are shown in
Fig. 3.4. The background level is estimated as the mean surface brightness of two
regions on opposite sides of the rings. We assume a 10% uncertainty on all flux
density measurements. Using the total flux density measurements without back-
ground subtraction, we obtained spectral curvature values αcurv = α144

1500 − α1500
7000

of 0.04 ± 0.13, 0.09 ± 0.13, and 0.27 ± 0.13 for the inner, middle, and outer rings,
respectively. For the background subtraction we excluded the middle ring from
the analysis as the complex morphology of the ring and its environment prevent
a reliable background level from being estimated. This leaves only the inner and
outer rings, for which we estimate background-subtracted spectral curvatures of
0.15 ± 0.13 and 0.36 ± 0.13, respectively.

We measure an increasing spectral curvature of the rings before and after back-
ground subtraction, implying that we are detecting the typical break in the syn-
chrotron spectrum as a consequence of aging. This is also consistent with the
similar spectral curvature values we found between the inner and middle ring,
with the outer ring showing much stronger curvature. An illustration of the com-
plete spectrum of each of the rings is shown in Fig. 3.5. A Jaffe-Perola spectral
model (Jaffe & Perola 1973) was fitted to the flux density measurements of each
of the three rings to derive their respective injection index and break frequency.
In the illustration, the break frequencies of the rings shift to lower frequencies
the farther the rings are from the central AGN, causing the spectrum to steepen.
We find relatively steep injection indices for the three rings of α = −0.75 up to
α = −0.93. However, similar and steeper injection indices are not uncommon (e.g.,
Bîrzan et al. 2008; Harwood et al. 2013, 2015; Shulevski et al. 2015). Although this
model is strongly based on Doppler effects, it should be noted that the spectra will
be significantly redshifted and will undergo beaming effects. However, as the rings
all have a reduced Doppler factor due to the deceleration of the jetted plasma, the
redshift of their spectra will be relatively low. This prevents the redshift of the
rings from significantly affecting their relative break frequencies.

To investigate whether the observed amount of spectral curvature is realistic for
Hercules A, we derived the magnetic field strength in the jet required to produce
such spectra. From our observations, we measure angular distances between the
three rings of about 24 arcseconds, with a distance between the core of the AGN
and the innermost ring of 37 arcseconds. This corresponds to projected physical
distances of 66 kpc between the rings and 103 kpc between the core and the
innermost ring. Assuming an angle between the jets and the line of sight of 50
degrees (Gizani & Leahy 1999) and a jet speed of β = 0.8 (Gizani & Leahy 2003),
we find that the innermost, middle, and outermost rings are composed of plasma
with ages of approximately 550 kyr, 900 kyr, and 1250 kyr, respectively. Here, we
assume that the inner lobes propagate at the speed of the jets, which is a rough
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approximation and is likely an upper limit to the true speed. However, more
accurate measurements are unavailable, and the main goal is only to test whether
the approximate numbers are sensible. Given these ages, and assuming a Jaffe-
Perola spectral model, we derive magnetic field strengths in the jet of 28 µG, 36 µG,
and 45 µG for the innermost, middle, and outermost rings, respectively. This trend
in increasing magnetic field strength could be an indication of a deviation in the
age estimates due to errors in the line-of-sight angle or jet speed, but it should be
noted that there are also additional uncertainties due to the assumption of a Jaffe-
Perola model, the methodology of measuring spectral curvature and the fact that
there may be a small amount of redshift due to the recession of the jet. However,
the approximate values of the magnetic field strength under the assumption of
an inner-lobe model are in accordance with typical values derived for the jets of
AGNs (e.g., Kataoka & Stawarz 2005; Godfrey & Shabala 2013).

In addition to the spectral steepening of the rings, we also see that the environ-
ment of the jets shows spectral flattening at high frequencies, as shown in Fig. 3.3.
This could be produced, for instance, by particle acceleration in regions that are
opaque at low frequencies, or it could indicate a mismatch in the surface bright-
ness sensitivities of LOFAR and the VLA. Such a discrepancy can emerge due to
differences in the uv-coverage of the two arrays. LOFAR in particular suffers from
a sparse uv-coverage at intermediate scales (1–2 arcsecond). However, the total
flux density of the source has been carefully calibrated across all three frequencies
and the consistent measurements obtained using different methods indicate the
validity of our results.

3.5 Conclusions
In this paper we presented new LOFAR and VLA observations of Hercules A with
the aim of investigating the nature of the ring features seen in the radio lobes.
Our LOFAR observations clearly resolve the jet and ring structures in the lobes
at 144 MHz, enabling the lobes to be studied at low frequencies, for the first
time at a sub-arcsecond angular resolution. The bridge of emission in between
the two lobes is only significantly detected at 144 MHz, which implies a spectral
index of α = −1.8 or steeper to be consistent with a non-detection in our L-band
observations (1.5 GHz).

To study the nature of the rings in the lobes of Hercules A, we investigate
whether our observations are consistent with a shock model or an inner-lobe model.
Spectral index mapping between 144 MHz and 7 GHz reveals that the rings in the
western lobe feature spectral steepening at high frequencies. In particular, the
spectral steepening increases as the rings are farther away from the central AGN.
This suggests that the rings are subject to synchrotron aging, which is a clear
prediction of the inner-lobe model. Therefore, we conclude that the observations
presented in this paper are more consistent with the inner-lobe model where the
jetted material from intermittent periods of AGN activity inflates small lobes
within the outer lobe, which appear as ring-like structures. However, we do not
exclude that adiabatic compression and particle acceleration contribute to the
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brightness of the rings as well, and we note that definitive evidence to settle this
debate remains yet to be found.

Even though this model contributes evidence in favor of the inner-lobe model,
it still struggles to provide a complete explanation for the morphology of the rings.
Supporting evidence could likely be obtained through detailed magnetohydrody-
namical (MHD) simulations. The jetted outflows can be simulated based on our
current understanding of the environment of Hercules A. By replicating the ob-
served ring-like structures, their exact nature can be confirmed. In particular,
MHD modelling would have to focus on reproducing the observed morphology
and spectral properties of the rings in the western lobe, and on the lack of ring
structures in the eastern lobe.
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