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ABSTRACT

We investigate the impact of flickering variability in jet power on the luminosity and morphology of radio galaxies. We
use a Lagrangian particle method together with relativistic hydrodynamics simulations using the PLUTO code to track
the evolution of electron spectra through particle acceleration at shocks and cooling processes. We introduce an adapted
version of this method which improves tracking of adiabatic cooling in regimes where low density jet material mixes with
high density from the ambient medium in the lobes. We find that rapid increases in jet power can lead to large increases in
hotspot luminosity due to the interaction of a travelling shock structure with the pre-existing shock structure at the jet head.
We show that in some cases it may be possible to identify a bright region of emission corresponding to a shock travelling
along the jet axis. We find that the time-averaged radiative efficiency of variable jets is similar to their steady counterparts,
but find significant departures from this on an instantaneous basis. We suggest that, together with environmental effects
and differences in the average powers of jets, variable jet powers may have a significant impact on how we understand
the diversity of radio jets seen in observations and have significant implications for interpretations of jet powers, energy
budgets, and luminosity-linear size diagrams.

Key words: acceleration of particles - hydrodynamics - radiation mechanisms: non-thermal —shock waves - galaxies:

jets—radio continuum: galaxies.

1 INTRODUCTION

Radio galaxies are observed over a wide range of scales and fre-
quencies. In the radio, it is often possible to resolve the kpc scale
structures of the radio lobes, showing structures such as emission
along the jet line, hotspots, backflows, and extended emission in
the cocoon area. One example, Cygnus A, has been well-studied
at multiple frequencies over a long period of time, including
observations using the Very Large Array (VLA; C. L. Carilli et
al. 1991) and more recently with the Low Frequency Array (LO-
FAR; J. P. McKean et al. 2016). This source is an example of an
FRII radio galaxy with the brightest regions (the hotspots) occur-
ring further from the galaxy (C. L. Carilli et al. 1991). These obser-
vations can provide important information about the behaviour
of these jets. However, as they evolve over millions of years, each
individual source reveals only a snapshot into the evolutionary
process. Simulations are a valuable tool with the potential to
bridge the gap between ideas about behaviour over longer time-
scales to the instantaneous view we get from observations. Here,
we seek to investigate how the consequences of variable fuelling
of the accretion disc might affect radio observations over kpc
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scales. We link this to ideas about Fanaroff and Riley (FRI and
FRII) morphologies (B. L. Fanaroff & J. M. Riley 1974).

To sustain an active galactic nucleus (AGN) accretion disc a
mechanism is needed to bring material towards the centre, link-
ing the central observable hot accretion disc to what is happening
in the wider galaxy. A supermassive black hole (SMBH) is not
thought to be active for its full lifetime (e.g. R. Morganti 2017, and
references therein). In particular radio and optical observational
studies have led to the conclusion that SMBHs can show recur-
rent behaviour (D. J. Saikia & M. Jamrozy 2009), with efforts being
dedicated to estimating jet lifetimes (e.g. S. S. Shabala et al. 2008;
A.N.Vantyghem et al. 2014; J. J. Harwood, M. J. Hardcastle & J. H.
Croston 2015) in order to constrain the duty cycle of AGN. Radio
lobes with double-double morphologies (e.g. A. P. Schoenmakers
et al. 2000; C. Brocksopp et al. 2007; V. H. Mahatma et al. 2019)
are often explained by restarting jets and these have been studied
in simulations (e.g. D. A. Clarke & J. O. Burns 1991; S. Walg et al.
2020). The variability and lifetimes of active periods are thought
to have different characteristics based on the environment and
mode of AGN activity. In the case of fuelling by dense, cold
gas a radiatively efficient disc forms, where the cold gas in the
nuclear region is thought to have been transported towards the
central region of the galaxy primarily through secular processes
(T. M. Heckman & P. N. Best 2014), but may also be the result
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of galaxy mergers (e.g. C. Ramos Almeida et al. 2012). In more
massive bulges and elliptical galaxies, which host more massive
black holes, fuelling is thought to involve hot gas accretion (T.
M. Heckman & P. N. Best 2014). Galaxies undergoing powerful
jet-mode feedback are found in dense galaxy group and clusters,
which often have strong cooling flows (T. M. Heckman & P. N.
Best 2014) as a result of short radiative cooling times, with the
amount of cooling regulated by AGN feedback (A. C. Fabian et al.
2023).

Building on earlier work by A. R. King & J. E. Pringle (2006),
M. Gaspari, M. Ruszkowski & S. P. Oh (2013) introduced the the-
ory of chaotic cold accretion (CCA), in which chaotic accretion
episodes are driven by large scale hot gas undergoing cooling,
heating and stirring. CCA provides a mechanism by which hot
gas does not need to be directly accreted via Bondi accretion,
but instead cools prior to being accreted. This work used hy-
drodynamic simulations with adaptive mesh refinement to study
the fuelling of the central accretion disk from 50kpc to sub-pc
scales, and found that clouds and filaments condense from the
gas and rain on to the central region. CCA predicts a lognor-
mal distribution in accretion rate with pink noise (M. Gaspari,
P. Temi & F. Brighenti 2017). Should the accretion rate vary in
this way, it would be expected that the jet power would react
to this variation. Whilst the disc—jet connection remains an ac-
tive area of research, many general relativistic magnetohydrody-
namic (GRMHD) simulations of accretion discs have naturally
led to the formation of jets, including both accretion on to black
holes (e.g. M. Moscibrodzka, H. Falcke & H. Shiokawa 2016; I.
K. Dihingia, B. Vaidya & C. Fendt 2021) and on to neutron stars
(e.g. P. Das & O. Porth 2024). The two leading theories describ-
ing the launching of jets from black holes are by R. D. Bland-
ford & D. G. Payne (1982) and R. D. Blandford & R. L. Znajek
(1977) (hereafter, BZ mechanism). The Blandford-Payne mech-
anism postulates jets launched by the removal of angular mo-
mentum from accretion discs via magnetic field lines. In contrast,
the Blandford-Znajek mechanism describes jets launched by the
frame-dragging of magnetic field lines by the spin of the black
hole. The Blandford-Znajek mechanism predicts a jet power that
is proportional to the mass accretion rate (R. D. Blandford & R.
L. Znajek 1977) (see Section 2.2). Assuming CCA as a fuelling
mechanism and that the BZ mechanism acts to launch the jet, we
would also expect a noisy jet power with a lognormal distribution.

Once a jet has been launched, it typically undergoes a series
of recollimation shocks as it interacts with the cocoon region.
The use of 3D simulations rather than 2D is crucial, particularly
in situations where there is direct interest in shock structures
and strength along the jet axis. Recent work has shown that
recollimation and reflection shocks exhibit significantly different
behaviours in 2D axisymmetric and 3D simulations, with 2D ax-
isymmetric simulations and analysis predicting a series of strong
recollimation and reflection shocks (e.g. S. S. Komissarov & S. A.
E. G. Falle 1997), which are not reproduced in 3D simulations due
to the effects of instabilities (e.g. S. Massaglia et al. 2016; A. Costa
et al. 2026).

After travelling the length of the jet, material reaches the
boundary with the ambient medium. R. D. Blandford & M. J.
Rees (1974) described the working surface at the head of a jet. At
this surface material which has passed though a shock at the end
of the beam meets material which has passed through the bow
shock of the system in a contact discontinuity. The jet is confined
in this region by the ram pressure of the intergalactic medium
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(IGM). The need for 3D simulations is further motivated by dif-
ferences in the behaviour of turbulence and its effects of shock
strengths at the head of the jet. S. Massaglia et al. (2016) show
that for jets with a density ratio of n = 1072 those with a power
below ~ 10 erg s~! will dissipate energy via turbulence in 3D
simulations, preventing the formation of a jet head and leading
to an FRI-like morphology. This behaviour is not observed in 2D
simulations, thus significantly altering the behaviour of the shock
structure at the jet head.

Hydrodynamic simulations can be used to construct detailed
models of the dynamics of jets and their interactions with sur-
roundings. To link these with observations, it is useful to predict
the emission expected from the systems. Because radio observa-
tions can provide a detailed, well spacially resolved view of many
radio jets, there has been much work to combine modelling of
radio emission in particular with hydrodynamic simulations. A
simple approach is to assume an emissivity based on pressure
(e.g. M. S. Longair 2011; M. J. Hardcastle & M. G. Krause 2013)
and a jet tracer. This method was used by H. W. Whitehead & J.
H. Matthews (2023) to study jets with powers varying according
to a lognormal distribution of jet powers and a pink noise power
spectral density. More complex methods aim to include informa-
tion about particle acceleration at shocks more directly. An early
example of this can be found in I. L. Tregillis, T. W. Jones & D.
Ryu (2004), which introduced methods to predict radio and X-ray
emission from simulations and analysed the application of ob-
servational techniques to these simulated emissivity maps. More
recently the Particles + Radio AGN in Semi-analytic Environ-
ments (PRAISE) method (P. M. Yates-Jones et al. 2022) used La-
grangian tracer particles to capture information about the paths
and pressures that populations of electrons follow. These data
are then used to estimate an emissivity in post-processing using
a semi-analytic model based on the Radio AGN in Semi-analytic
Environments (RAISE) formalism (R. J. Turner et al. 2018) where
each population is assumed to have a power-law distribution of
energies with an evolving maximum cut-off energy. R. J. Turner
et al. (2018) showed that mixing of electrons of different ages
changes the predicted spectrum of radio emission across a radio
map for FRII sources, highlighting the importance of accounting
for mixing in any method to predict radio emissivities from hydro-
dynamical simulations. A different approach to using Lagrangian
particles is taken by the Lagrangian particle module (B. Vaidya
et al. 2018) for the PLUTO code (A. Mignone et al. 2007), where a
binned spectrum of electron energies is evolved in tandem with
relativistic hydrodynamics (RMHD) simulations. R. P. Dubey, C.
Fendt & B. Vaidya (2024) study steady jets and jets with a sinu-
soidally varying power using this module to predict the intensity
of emission from the jet. They show that knots (compact regions
of bright emission) proceed with an approximately constant ve-
locity in both the case of a constant power jet and one with a
sinusoidally variable jet speed.

Variability in observable features has also been seen in simula-
tions of constant power jets. C. J. Saxton et al. (2002) use axisym-
metric simulations to study the temporal variation of hotspots
in steady jets, which they find to be described by a white noise
spectrum on time-scales longer than the dynamical time-scale
tayn = 2rj/cs j, where ¢, ; is the speed of sound in the jet and r;
is the jet radius. This dynamical time-scale is shorter than the jet
travel time from jet base to hotspot, leading the authors to the con-
clusion that the hotspots are causally disconnected and such that
intrinsic variability in their brightnesses could affect estimations



of quantities based on the ratio between the two brightnesses, e.g.
relativistic beaming, with some simulations giving a probability
of > 20 per cent for a 4:1 or greater hotspot ratio. C. J. Saxton
et al. (2010) highlight the importance of interactions between
the jet and the ambient medium in determining the jet emission,
arguing that this underscores the importance of accounting for
environmental factors, whilst M. Perucho, J.-M. Marti & V. Quilis
(2022) highlight the dependence of the morphological features of
constant power jets on properties of the ambient medium.

In this work, we use numerical simulations to explore the
connection between jet power variation/flickering and the struc-
ture, morphology, and dynamics of the resulting jet beam and
hotspot. In the process, we explore (i) whether there exist mor-
phological signatures of jet power variation in the large-scale
radio observations of jets on scales up to 60 kpc, and (ii) how
the luminosity and radiative efficiency of the system responds to
variability. These aims are motivated by the predictions of CCA
and wider goals of connecting radio morphologies to ideas about
fuelling of accretion discs and radio jets over Myr time-scales.
Radio observations of kpc-scales provide an instantaneous view
of radio jets, and these sources do not evolve on human time-
scales: the time for a disturbance to travel down a jet of length
30 kpc is at least ~ 0.1 Myr (as bounded by the speed of light).
However, this also means that even an instantaneous snapshot
of a jet and its associated hotspot contains information about the
input to the jet over the last fraction of a Myr. More generally,
simulations provide a way to study the evolution of these systems
on Myr time-scales, providing an important tool to support the
interpretation of both individual radio galaxy observations and
the study of populations of radio galaxies. Specifically, we show
herein that jet variability can produce travelling shock structures,
dramatic short-term brightenings and changes to the brightness
distributions of the jet-hotspot system. In addition to the primary
limitation of our work — long time-scales involved — there are
various other caveats, which we discuss further in Section 4.2;
for example, we make the assumption throughout that a larger
jet power will lead to a faster jet on kpc scales and that effects
which occur in the launching and acceleration zone of the jet will
not significantly impact this correlation. Throughout, our use of
the Lagrangian particle module allows us to directly link energy
injection into non-thermal electron populations through particle
acceleration at shocks in the jet to the synchrotron radiation we
see in radio observations.

The paper is structured as follows. In Section 2, we describe the
relativistic hydrodynamics simulation set-up followed by the use
of Lagrangian tracer particles. In Section 3, we discuss the results
from our constant and variable jet simulations, before discussing
the results of jets with a step change in jet power. In Section 4, we
discuss the implications of our results for interpreting observa-
tions of radio galaxies, together with the limitations of our study
and areas for future work. We conclude in Section 5.

2 METHODS

In this work, we model the radio emission from astrophysical jets
with varying powers. We combine grid-based relativistic hydro-
dynamic (RHD) simulations using the PLUTO code (A. Mignone
et al. 2007), with test particle methods, introducing a novel ap-
proach to account for mixing between shocked and unshocked
material. We begin by describing the underlying set-up. In Section
2.2, we discuss our approach to modelling variability in jet power
in the simulations. In further sections, we discuss our use of the
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Table 1. Simulation units.

Variable Unit cgs

Length, lo 1kpc 3.0856775807 x 10! cm
Density, pg 6.0 x 107 gcm™3
Speed, vo c 2.99792458 x 101 cm s~!

Lagrangian particle module for modelling non-thermal emission
(B. Vaidya et al. 2018) of the PLUTO code. We describe how we in-
ject the particles into the simulation in Appendix B. This module
allows the user to track the evolution of electron energy spectra
in the jet through particle acceleration at shocks (Section 2.3),
adiabatic cooling (Section 2.4), and synchrotron cooling (Section
2.5) and to calculate their emissivities.

2.1 Simulation set-up

We run 3D RHD simulations on a 1500° Cartesian grid extending
60 kpc in each direction, leading to a grid resolution of 0.04 kpc.
We use RHD simulations as opposed to RMHD in order to sep-
arate the effects of variability in jet power from those of specific
magnetic field geometries. We plan to investigate the effects of
various magnetic field geometries using RMHD simulations in
future work and discuss potential effects of this choice in Sec-
tion 4.2. We show an example of our estimated fields in Ap-
pendix A.
The background density is set to a King profile where

38
2 2
p(F) = po [1 + (§> } o)

with 7. = 50 kpc, B = 0.5, and py = 6.0 x 10727 g cm™ in keep-
ing with the methods of H. W. Whitehead & J. H. Matthews
(2023). We add small perturbations to this density in order to
break the symmetry in the simulation. We focus on the kpc scale
behaviour and therefore do not model the jet launching region.
We inject a jet with constant density p; = 10™*p, through a cylin-
drical nozzle. We apply outflow boundary conditions on all sur-
faces except the surface through which the jet enters, where we
apply a reflective boundary condition outside of the jet radius
(rj =1 kpc). Within the jet radius we set the jet velocity, v; to
give the desired Lorentz factor, I';. We describe the calculation
of this Lorentz factor in Section 2.2. We use the Harten, Lax, Van
Leer Riemann solver with middle contact discontinuity restora-
tion (HLLC) with a Courant-Friedrichs-Levy number of 0.3, lin-
ear reconstruction and second-order Runge-Kutta time-stepping.
Simulation units are given in Table 1.

The top panel of Fig. 1 shows the pressure in a central slice
through the central region of the simulation. The jet inlet region
is visible around (0,0) in the slice as a conical region. We discuss
the structures seen in this figure in further detail in Section 3.
We chose a resolution of 0.04 kpc in each direction, as we found
this was required to ensure that the distribution of the Lagrangian
particles sufficiently tracks the distribution of the fluid tracer in
the backflow and cocoon regions (see Appendix D). This results in
a physically large jet radius compared to what might be expected
from observations, but is a necessary choice to reach 50 kpc scales
whilst ensuring the Lagrangian particles match the behaviour of
fluid tracers in the simulations around the backflow regions. The
ratio of jet width to length at late times is small, so we do not
expect substantial effects of the increased jet width on large scale
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Figure 1. Emissivity map, pressure, and density of jet material for a portion of the o = 0.33, seed 12 simulation at 9 Myr. The pressure and density maps
show slices through the centre of the jet, whilst the emissivity map is summed along a line-of-sight perpendicular to the jet axis. The full simulation
domain extends to 60 kpc in the jet direction and between -30 and 30 kpc in the two directions perpendicular to this. The locations and velocities of a
small random sample of Lagrangian particles from the central slice through the domain are shown overlaid on the density of jet material. Velocities are
shown as arrows where the length of the arrow scales linearly with speed.

dynamics. The central panel of Fig. 1 shows the density of jet 2.2 Jet power timeseries
material in the simulation (same region and slice as the top panel)
together with the positions and velocities of a random sub-sample
of the Lagrangian particles in this slice.

We aim to investigate morphological signatures of variability ac-
cording to the predictions of CCA (M. Gaspari et al. 2017, see
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Table 2. Simulation variables.

o Mean power over simulation (erg s~!) Seeds
0.00 1.00 x 10% -
0.00 2.00 x 10% -
0.33 0.960 x 10% 0
0.33 0.815 x 10% 6
0.33 1.01 x 10% 12

Table 3. Simulation parameters which are constant for all runs.

Parameter Symbol Value
Threshold gradient of thermal pressure €sh 1
Non-thermal fraction energy fe 0.1
Non-thermal fraction particles In 1
Jet internal Mach number M 100

Section 1). For this purpose, we simulate two jets with constant
powers and three with variable power as detailed in Table 2. Here,
we motivate and describe the jet power distributions used in our
variable jets. We list parameters that are constant for all runs in
Table 3.

In simulations of CCA (M. Gaspari et al. 2017), turbulence
injected at large scales (> 4 kpc from the black hole) leads to
thermodynamic fluctuations on smaller scales closer to the black
hole. These fluctuations drive an accretion rate with a pink noise
power spectrum and a lognormal distribution. o is the standard
deviation of the natural logarithm of the accretion rate, which
M. Gaspari et al. (2017) measure to be o = 0.33. For the low spin
case, when a < M, the Blandford-Znajek mechanism predicts a
jet power Q (R. D. Blandford & R. L. Znajek 1977)

Q03 (%)ZLD x 10% (%)ZMW, @)

where a and M are the black hole specific angular momentum
in units of ¢ and mass in units of ¢?/G, Ly is the power radia-
tion by the disc and M is the accretion rate in units of Mg yr~!.
Furthermore, the linear dependence on accretion rate has been
seen in GRMHD simulations of systems with high spin, with
a spin-dependent efficiency factor (J. C. McKinney 2005). As-
suming both CCA and the BZ mechanism are acting leads to
the prediction of a lognormal distribution of jet powers (again
with o = 0.33), with a pink noise power spectrum. Thus, we set
our variable jets to have powers obeying a lognormal probability
density function

p(Q) = 3

1 o [ (an—anO)Z}
\/E oQ P 202 ’
where o = 0.33 is the standard deviation of the natural logarithm
of the power and represents the variability of the source. Q is the
power at a given time and Q, is the median jet power.

To simulate variable jets following this behaviour, we use
an input time series which gives the speed of the jet at each
time. We create these time series as follows. We first gener-
ate a time series for the jet power in our variable jets using
the DELightcurveSimulation (S. D. Connolly 2016) implementa-
tion of the Emmanoulopoulos light curve simulation algorithm
(D. Emmanoulopoulos, I. M. McHardy & I. E. Papadakis 2013).
We specify a pink noise spectrum with power spectral density
S(f) oc f~! where f is the frequency of the fluctuations and
seto = 0.33.
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Figure 2. Inputjet powers and corresponding Lorentz factors over time,
with median jet powers and Lorentz factors over the 10 Myr sample
shown by dashed lines (see also Table 2). There is an approximately linear
scaling between I and Q when I' = 2.

The maximum age our simulations reach is limited by compu-
tational resource. As we are modelling jets which would continue
to evolve beyond this maximum age, we generate time series
30 Myr long such that the median power of the jet over the
30 Myr is 10% erg s~!. We then use the first 10 Myr of the time
series to evolve the simulations. This leads to differing median jet
powers for the variable jets over the first 10 Myr as summarized in
Fig. 2. The jet power in RHD is given by (e.g. A. H. Taub 1948; L.
D. Landau 1987)

Q=mrv; [rj(rj —1p;c® + Yad FZ.P} , 4)

Yaa—1 7 !

where I';, v, p; , and P; are the jet Lorentz factor, speed, density,
and pressure at injection respectively, and y,q is the adiabatic
index. Due to the supersonic nature of our jets, we follow H. W.
Whitehead & J. H. Matthews (2023) and neglect the energy con-
tribution from the pressure when calculating I'; from Q, and then
numerically solve Q = nrjzvjl“ i(Tj — 1)p;c? for our adopted p;
and r;. The resulting Lorentz factors are shown in the lower panel
of Fig. 2. For our adopted radius, we obtain moderate Lorentz
factors of ~ 2, whereas for a decreased jet radius, equation (4)
requires higher Lorentz factors to produce jets with the same
power.

We enforce some conditions on the variability to ensure the
stability of the simulations as sudden spikes in the jet Lorentz
factor profile can cause numerical issues. We check that less than
60 per cent of the energy is injected into the domain in both the
first and second halves of the time series, so as to avoid any time
series which have very different amounts of energy injected in the
first and second halves of the simulations. We use the first three
seeds fulfilling this criteria - seeds 0, 6, and 12 — and generate
the time series with a resolution of 100 kyr. Whilst we would ex-
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pect variability on smaller time-scales to be present, we find that
simulations run using time series generated at higher resolution
suffer numerical issues such as regions with negative pressures
and densities near the jet base, due to larger changes in jet power
over smaller time periods. We describe the potential effects of
including variability on smaller time-scales in Section 4.2. We
save the emissivity information every 20 kyr. Material travelling
at the speed of light can travel ~ 6 kpc in this time, which is a
10th of the length of our simulation volume. In addition to the
steady and variable jets, we run four smaller simulations with
discrete step changes in jet power from 10% to 2 x 10% erg s~'.
These step-change simulations aim to investigate a simpler case
of variability to improve our understanding of the mechanisms
behind the morphological features we identify in the variable
simulations. They use the results of the lower power steady jet
at 3, 5,7, and 9 Myr as input and comprise of a single immediate
change in jet power to the higher power at those times.

2.3 Acceleration of particles at shocks

The Lagrangian particle module (B. Vaidya et al. 2018) allows
us to trace an electron energy spectra associated with each La-
grangian particle in the simulation. Here, we describe the updates
applied to those spectra as the Lagrangian particles pass through
shocks in the simulation.

We identify shocks in the simulation as in B. Vaidya et al.
(2018), identifying regions where the divergence of the velocity
is negative and the difference in thermal pressure between cells
obeys e, = | 47| > 1. We use the convolution-based approach to
resetting the electron energy spectra at shocks as detailed by D.
Mukherjee et al. (2021). At shocks the electron energy spectrum is
set to a power law ' oc E~9+2, As we do not have information on
the geometry of the magnetic field (due to our choice to use RHD
simulations), we cannot measure the angle between the shock
and the magnetic field. We therefore use the perpendicular shock
limit where the power-law index is set to

9 r+1 , ,

9 , 5
- M )

q=9q
where r is the compression ratio of the shock and gyg is the limit
for non-relativistic shocks, given by (C. Drury 1983)

3r
r—1°

qNR = (6)
We adopt the perpendicular shock limit, rather than the paral-
lel one for the following reasons. We are particularly interested
in particle acceleration at the jet head. J. Lopez-Miralles et al.
(2022) show that field lines around the head of a jet are quasi-
perpendicular to the jet propagation direction in 3D RMHD sim-
ulations of jet-wind interactions in high-mass X-ray binaries.
Observationally, radio polarization maps have shown a magnetic
field perpendicular to the direction of the jet (L. E. Godfrey & S.
S. Shabala 2013). In addition, ultrarelativistic shocks are charac-
teristically quasi-perpendicular (e.g. J. G. Kirk & P. Duffy 1999; L.
Sironi, U. Keshet & M. Lemoine 2015; A. R. Bell et al. 2018). For
strong relativistic shocks with r > 4 the electron energy power-
law slope is set to g = 4.23.

The integrated energy transferred to non-thermal particles is
set by a constant fraction fg of the energy density of the fluid (D.
Mukherjee et al. 2021), pe, where we use fr = 0.1 throughout
this work. This value reflects results from Particle-in-Cell (PIC)
simulations (for a review see A. Marcowith et al. 2020). Changes
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to fg would affect only the amount of energy given to non-
thermal particles and not the slope of the injected distribution.
Furthermore, the amount of energy injected does not affect the
relative cooling rates between high and low energy electrons, so
should not translate to significant changes in morphology. We
would expect a higher value of fy to lead to a jet with an overall
greater luminosity. There is an additional stipulation that there
must be enough particles available to be shocked, accounting for
electrons that have been accelerated at previous shocks. fy gives
the fraction of the mass in the jet that is assumed to be electrons
which can be accelerated at shocks. We set fy = 1, assuming that
the jet is made only of electrons, although our results are unlikely
to be significantly changed by assuming a different mass fraction.
pe is found by inverting the Taub-Matthews equation of state (A.
H. Taub 1948) (see equations 8 and 13 of A. Mignone & J. C.
McKinney 2007)

1
pe =3 (3p —2p¢ +/(3p—2p?) + 12ppcz) : ™

The maximum energy that the non-thermal particles can reach is
set by balancing the acceleration timescale with the synchrotron
time-scale (M. Bottcher & C. D. Dermer 2010). This gives a
maximum energy, € « )\e_f}/ 2 where Ao is the acceleration effi-
ciency (B. Vaidya et al. 2018). A is calculated using the quasi-
perpendicular limit given in B. Vaidya et al. (2018). We estimate
the required magnetic field strengths using pe. The magnetic field
strength, B, is related to the energy density in the magnetic field,

ug, by

We assume that a constant fraction fp = “—5 = 0.1 of the internal
energy density is contained in the magnetic field, which given our
choice of f5 is equivalent to equipartition.

2.4 Adiabatic cooling using a fluid tracer

As electrons move through regions of various densities, particu-
larly from the jet head back into the lobes, they expand (and con-
tract) leading to adiabatic cooling (and heating). The Lagrangian
particle method (B. Vaidya et al. 2018) allows us to track the
effects of this adiabatic expansion on the electron energy spectra
of the electron population modelled by each Lagrangian particle.

We find significant mixing of jet material with other much
denser material that originates in the ambient medium (see
Fig. 3). We treat the material which has passed through the bow
shock as unshocked for the purposes of tracking the electron
energy spectra. This is because the bow shock is not thought to
be a site of efficient particle acceleration (J. H. Matthews et al.
2019) compared to the hotspot in powerful radio sources, as it
is not visible in well-resolved radio images of jets on scales of
10-100 kpc (e.g. R. Perley, J. Dreher & J. Cowan 1984; J. Sabater
et al. 2021). The inclusion of material accelerated at a bow shock
could contribute to a faint diffuse radio component surrounding
the main radio lobes, but this choice does not affect our main
results and conclusions. To account for the mixing between these
two types of material, we use the methods of B. Vaidya et al.
(2018) to evolve the energy spectra according to the adiabatic
cooling, adapting them to include a factor of fluid tracer which
measures the fraction of the density which originates in the jet.
In the following derivation, we assume that the tracer follows the
material originating in a given shock perfectly. This would be the
ideal approach, but to implement it would require a very large
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Figure 3. Passive scalar (fluid) tracer of jet material from central slice
through the 10* erg s~! constant power simulation at 7 Myr. Mixing of
the low density material which enters the simulation through the jet with
high density material originating in the ambient medium leads to very
low fractions of jet material in the lobe regions.

number of fluid tracers to be evolved, making it computationally
unfeasible. We discuss the effects of instead using a tracer of jet
material after the derivation.

Neglecting radiative losses, the evolution of the number den-
sity of non-thermal electrons per unit energy, N(E), is given by
(B. Vaidya et al. 2018)

NV 0 E
& "o (‘EWH“”W ) G ®

where 7 is the proper time in the comoving frame of the fluid and
u* is the four-velocity of the fluid. We define x = AN/(Cn), where
C is a passive scalar advected with the fluid which acts as a tracer
of shocked fluid (denoted Qy in the PLUTO documentation) and
n is the number density of all particles in the fluid. x therefore
gives the number of non-thermal electrons, but normalized to the
number density of particles in the fluid that originated in the jet.
Equation (9) then becomes

d(Cnyx) 0

22+ L (S5 @axen) = ~@novar. a0

The fluid continuity equation for the shocked material can be
written as

d
E(CH) = —CnV,u". (11)

Combining equations (10) and (11) gives the same form as in B.
Vaidya et al. (2018)

dy 0 E
v ut —
dr oE ( 3 ( nh )X> 0, (12)

only now with the redefinition of x as described above. Following
the steps given by B. Vaidya et al. (2018) gives
X(E, 1)dE = xodEy (13)

where xo = x(Eo, 7o), Which is a statement that the number of
particles in an energy bin is conserved as the bin edges are moved
according to adiabatic cooling or heating as described by

7z Vyut
E(t) = Epe Jo 597, (14)
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Using equation (11) to integrate the exponent gives

1

E(r)=E0< Cn )3 , (15)

Cong

which along with the condition of conserving the number of
particles in a bin (equation 13) gives

C(‘L’)I’l(l’))_é

16
Corto (16)

X(E(T), 1) = xo (
The method described here so far uses a passive scalar tracer of
shocked material, and assumes that this shocked material does
not mix with other shocked material. For computational reasons
(related to both cost and complexity) we cannot inject a distinct
fluid tracer for every shocked region at every time. We instead
make use of the jet tracer with some adaptations to the above
method. Analysis of the tracer particles shows us that material
injected late in the simulation mixes with material injected early
in the simulation in the lobes of the jet. Using the jet tracer
with the above method as described would lead to spurious adi-
abatic heating as recently injected and shocked material mixed
into older shocked material in the lobes. We therefore choose to
deactivate adiabatic heating in our scheme. To do this we enforce
a check at every time-step on the density of jet material. If this
quantity increases, we keep the electron energy spectrum con-
stant, rather than allowing adiabatic heating. Through this, we
assume that if a tracer particle moves into a region of higher jet
material density this is due to mixing with previously shocked
material, rather than due to compression of the recently shocked
material represented by the Lagrangian particle. Along the jet,
we expect this to have very little effect because whilst we might
expect some adiabatic heating as electrons approach each shock
along the jet, the energy spectra of the electrons is reset at each
shock and this new addition of energy will dominate the emission
in these regions. Furthermore, the jet tracer maintains a value of
2 0.5 up to the hotspot of the jet (see Fig. 3), such that the effects
of our updated scheme on this region are small.

Another effect of using the jet tracer rather than more direct
tracers of shocked material is that we could underestimate emis-
sion from material that did not originate in the jet. On the one
hand, this could underestimate emission from material which
has been entrained along the jet line before being shocked in the
hotspot, thus reducing both the hotspot luminosity and diffuse
emission in the lobes. The aforementioned relatively high (~ 0.5)
tracer values at the hotspot show that this is likely to be a small
effect. On the other hand, the contribution of ambient medium
material which has mixed with jet material in the backflow re-
gions will be underestimated, with the effect of reducing the
diffuse lobe emission, and the lower fraction of tracer in these
regions suggests this latter effect may be more significant.

The emissivity calculation includes a factor of the density of jet
material. This could lead to some overestimation of the amount
of brightness of the emission from further back in the lobes due
to the inclusion of jet material that has not been shocked or was
shocked longer ago. However, we find that the visible regions in
our log-scaled emissivity maps (see e.g. Fig. 4) do not include
significant contributions from the lobes and as such any overesti-
mation in these regions has a negligible effect on any conclusions
that we draw.

Overall, our updated scheme improves predictions of lobe
emissivity by removing spurious adiabatic heating in the case of
strong mixing in a high density contrast simulation. We describe
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Figure 4. Emissivity maps for the 8-10 Myr period of the constant power 10** erg s~! jet and the three variable power jets with seeds 0, 6, and 12. The
constant power jet has a similar morphology over this full time period with two to three clear recollimation shocks which transition into a turbulent region
followed by a modest hotspot. In contrast, the variable jets show a large amount of variety in their morphologies over time. The recollimation shocks
move to larger and smaller distances from the jet launch point and the hotspot luminosity changes dramatically over the 2 Myr, sometimes being much
brighter than the hotspots in the constant power case. See supplementary material for videos of the variable jets (emissivities_144_MHz_seed_0.mp4,
emissivities_144_MHz_seed_6.mp4, emissivities_144_MHz_seed_12.mp4).

MNRAS 546, 1-23 (2026)



specific tests of the original and updated schemes in Appendix C.
It is likely that the neglect of adiabatic heating leads to over-
estimates of the amount of net adiabatic cooling, which then
affects our predictions for the diffuse emission from the lobes. We
therefore focus in particular on results relating to emission from
along the jets and at the hotspots.

2.5 Synchrotron cooling and emission from particles in
RHD

We evolve the energy spectra of each electron population subject
to synchrotron cooling as the Lagrangian particles move through
regions of higher and lower magnetic fields. Similarly, the cool-
ing due to inverse Compton scattering off the cosmic microwave
background at redshift z = 0 is also included with an effect equiv-
alent to synchrotron cooling from an additional weak background
magnetic field that is constant in space throughout the simulation
domain. By evolving the spectra for each individual sample of
electrons represented by each Lagrangian particle, we account for
the acceleration and cooling histories of the electrons informed
by the properties of the jet that each population has experienced.
This approach accounts for the different rates of synchrotron
cooling in different areas of the jet, in addition to the different
rates of cooling experienced by electrons at various energies.

To calculate the synchrotron cooling rate we require an esti-
mate of the magnetic field strength at each point in the simula-
tion. We do this as above using equation (8). In order to calculate
the emission from each particle using our RHD simulations, we
assume that the magnetic field is randomly distributed in the co-
moving frame of each Lagrangian particle. We further assume
that the electrons represented by the Lagrangian particle have an
isotropic distribution of velocities in the co-moving frame [the
limit of the isotropy assumption made in G. M. Webb (1989), in
which small perturbations from an isotropic distribution are con-
sidered]. We therefore assume isotropic emission in this frame,
which is then Doppler-boosted for each Lagrangian particle indi-
vidually in order to calculate the final emissivity along the line of
sight to the observer. The lower panel of Fig. 1 shows an example
of an emissivity map created using this method. To create all
emissivity maps shown in this work, we save the emissivities from
the simulation on a per particle basis, deposit the emissivities to
a grid with the same resolution as the underlying simulations
and then apply a Gaussian filter. In this example image we use
a standard deviation of 1 cell (0.04 kpc in each direction) for
the Gaussian image, to highlight the similarities in fine structure
with the pressure and density maps. In other images in this work,
we use a standard deviation of 2 cells (0.08 kpc in each direction).
For reference, the 0.3 arcsec resolution of the LOw-Frequency
ARray (LOFAR) with international baselines would be able to
resolve structures greater than 0.3 kpc large in a radio galaxy at a
redshift of 0.05, corresponding to an area of approximately 8 x 8
cells in our simulations.

3 RESULTS

The modelling of energy spectra and emission in partnership
with the passage of material through the jet using the Lagrangian
particle method leads to a considerable improvement in the ac-
curacy with which radio emission from these systems can be pre-
dicted. Furthermore, our novel approach to modelling adiabatic
cooling using fluid tracer and Lagrangian particles in tandem
greatly improves the modelling of mixing between non-thermal
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electron populations with other material. As a result, we present
radio emissivity maps showing key features found in radio galaxy
jets (see Figs 1 and 4). Across the jets we simulate we recover
a range of morphologies, with changes in the degree of ‘edge
brightening’ and hotspot prevalence, with a variety somewhat
reflective of that found in observations. We begin by examining
the basic structure of the jets before moving on to discussion of
the fiducial 10% erg s~! constant power jet (Section 3.2) and vari-
able jets (Section 3.3) where we find large amounts of variability
in the hotspot luminosity. To further our understanding of the
mechanism driving this variability we examine the results of a
second constant power jet with twice the power (Section 3.4) and
jets with step changes in power (Section 3.5).

3.1 Emissivity maps and shock features

The emissivity map shown in Fig. 1 is an example from the vari-
able jet with seed 12 at 9 Myr and shows some common features
seen across our simulations (both constant power and variable),
namely recollimation shocks, followed by a turbulent region, and
finally a hotspot region at the head of the jet. Shortly downstream
of the jet inlet, we see two prominent recollimation shocks, with
a possible third at approximately 17 kpc. The exact luminosities
and displacements of these regions relative to the jet base have
been found to depend heavily on factors relating to the jet launch
angle, speed, and environment (A. Costa et al. 2026), including
the magnetic field structure at the base of the jet (J. Matsumoto,
S. S. Komissarov & K. N. Gourgouliatos 2021). We do not model
the jet launch and acceleration regions here and so the scales
and positions of the recollimation shocks in our simulations are
instead a consequence of our jet injection prescription. We would
expect recollimation shocks on parsec scales in real sources to
provide a population of pre-accelerated electrons to the jet spine
and jet head and the recollimation shocks in the simulated jets
fulfil this role, contributing to the emission along the length of
the jet. Strong emission along the jet line is seen in a variety
of spatially well-resolved sources including Cygnus A (R. Perley
et al. 1984), Hercules A (R. Timmerman et al. 2022) and M87 (A.
Pasetto et al. 2021), and in many images of giant radio galaxies
(e.g. M. Simonte et al. 2024). Pictor A shows strong emission along
the jet in X-rays, with knots which are also observed in radio and
optical images (E. S. Gentry et al. 2015; M. J. Hardcastle et al.
2016; L. A. L. Andati et al. 2024). If this emission is caused by
synchrotron emission, it necessitates in-situ particle acceleration
on kpc scales (M. J. Hardcastle et al. 2016). The approximately
regular spacing and number of these knots in the radio and X-ray
images is reminiscent of the recollimation shock structures in our
simulations. Further to this, because hydrodynamic simulations
are scale invariant, our recollimation shocks highlight interest-
ing phenomena relating to the interplay between variability and
recollimation shock movement (see Section 3.3).

In agreement with previous work (S. Massaglia et al. 2016; K.
N. Gourgouliatos & S. S. Komissarov 2018; S. Boula et al. 2025;
A. Costa et al. 2026), the recollimation shocks in Fig. 1 begin to
be disrupted by instabilities at larger distances, leading to patchy
emission spread over a larger cross-sectional area. Despite these
instabilities, our simulations retain a hotspot throughout the evo-
lution of the steady jet and for much of the time in the variable
jet cases (see Fig. 4), most likely due to the relatively high jet
power used in our simulations. The turbulent region is visible in
the emissivity maps as a collection of small cloud-like structures,
which often appear elongated along oblique angles to the jet di-
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rection. The high resolutions used in these simulations allow a
particularly detailed view of this region, revealing structures that
would otherwise not be seen. Some caution should be applied
when comparing the emissivity map — which is integrated along
the line of sight - with the density and pressure images, which are
slices through the domain. None the less, Fig. 1 shows that these
elongated, brighter structures are associated with regions of high
pressure, which often have sharp boundaries, indicating shocks.
Moreover, the density slice highlights the turbulent mixing of
recently injected jet material with material filling the cocoon
region.

A hotspot forms at the head of the jet, associated with a strong
termination shock. This hotspot corresponds to a region of partic-
ularly high pressure. As can be seen in Fig. 3, this area is still made
up of 2> 50 per cent jet material. In Fig. 1, the hotspot is spread
out over a volume of a few cubic kpc, but contains a particularly
bright spot just below the central jet axis. A region of backwards
flowing material can be seen around the jet head in the emissivity
maps, although the extent of this region is relatively modest,
extending back no more than a few kpc in the direction of the
jet axis. The Lagrangian particles shown in Fig. 1 show that the
hydrodynamic backflows extend much further than those visible
in the emissivity maps.

3.2 Fiducial constant power 10% erg s~! jet

Whilst Fig. 1 shows a specific moment in a variable jet’s evolu-
tion as an example, the generic features of recollimation shocks,
turbulence, and hotspot can also be seen throughout the last 2
Myr of our fiducial 10% erg s—! constant power jet, shown in the
first column of Fig. 4. Although we only include the last 2 Myr in
this image, we point the reader to animations of the evolution
of each of the jets included in this over the 4-10 Myr period.
Fig. 4 shows a systematic decrease in the luminosity of the con-
stant power jet over time with some slight variation in the lu-
minosity of the hotspot. In Fig. 5, we sum all emissivities over
the directions perpendicular to the jet direction to leave the total
luminosity at 144 MHz as a function of distance along the jet.
There are two clear recollimation shocks at all times, with a
third sometimes visible. The recollimation shocks move to larger
distances over time, but do so in a steady and very gradual way.
This is in agreement with the predictions of S. A. E. G. Falle
(1991), who give an expression for the position at which the first
recollimation shock in a self-similar jet should occur as

o (£)'

where z is the distance along the jet, 6 is the half-opening angle,
D. is the cavity pressure and K is given by
2 (2Q;M))?
=2 BaM)? as)
Yaa+1 762
where M; = rip;v; is the mass flow rate through the jet base.
For our jets this suggests a dependence of z on v; given by

Vi

(1)

This model predicts that the height of the recollimation shocks
should increase with decreasing cavity pressure, albeit without
accounting for relativistic effects. In a qualitative sense, then, the
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Figure 5. Luminosity at 144 MHz as a function of distance along the jet
for the jet with constant power 10% erg s~!. Lines are offset from zero
depending on jet age with earlier times in the simulation shown further
up the axes. The emissivity maps are convolved with a Gaussian filter with
a standard deviation of 5 prior to integration.

model is in agreement with the gradual movement of recollima-
tion shocks in our constant jet power simulation. We discuss the
movement of the recollimation shocks in our simulations due to
changes in jet power further in Section 3.3.

The luminosity of the jet decreases substantially over time [as
predicted by models of radio galaxy evolution (e.g. M. Perucho
& J. M. Marti 2003; M. J. Hardcastle 2018; P. Beltran-Palau, M.
Perucho & J. Maria Marti 2025)] and in particular, the hotspot
decreases in luminosity steadily as seen in the images of the last
2 Myr. The jet hotspot can be seen to advance more slowly at later
times. The images (Fig. 4) do show time variation in the detailed
structure of the turbulent regions of the jet and lobe; however
on macroscopic scales, both the images (Fig. 4) and luminos-
ity profiles (Fig. 5) illustrate that the steady jet displays slowly
changing, predictable behaviour without significant variations in
morphology beyond a change in length.

3.3 Flickering jets

In contrast to the constant power jets, Fig. 4 shows that the mor-
phologies of the variable power jets change significantly over the
course of the last 2 Myr of the simulation. In some cases, there
is a clear hotspot and the jet morphology resembles that of a
classical FRII radio galaxy. However, in others, the jet is more
disrupted, due to a drop in power, and the morphology is more
reminiscent of an FRI-like source. The change between these two
morphologies can occur relatively quickly, sometimes over ~ 0.1
Myr time-scales.

The hotspots are perhaps the most obviously variable feature
of the morphology. There are periods with hotspots significantly
brighter than those of the steady jet in all three seeds during this
2 Myr period, with particularly bright hotspots in the case of seed
0. Equally, there are periods where the hotspot is either very faint
or not visible at all in the variable cases. From Fig. 4, we can
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Figure 6. Jet power, maximum pressure at the hotspot (Ppax), and luminosity of the jet at 144 MHz over time for the three variable jet simulations from
4 to 10 Myr. A moderate increase in the jet power can cause a dramatic increase in the maximum pressure at the hotspot and in the luminosity of the full
jet. The spikes in luminosity are closely related to the increased pressure at the hotspot, indicating that this region is of key importance in understanding
the effects of variability. There is an underlying general trend towards decreasing luminosity over time which is also reflected in our constant power jet

simulations (see Fig. 8).

already see that the hotspot variability dominates the variability
in the luminosity of these sources.

With the aim of understanding the evolution of the behaviour
of the variable jets over a longer time period, and of beginning to
understand the mechanism behind the large variations in hotspot
luminosity, we show the jet power, maximum pressure at the
hotspot and luminosity of the source at 144 MHz against the jet
age in Fig. 6. To find the maximum pressure at the hotspot, we
first sub-sample the pressure data, averaging the pressure across
regions of 10 x 10 x 10 cells. We then work backwards from the
jet head and find the maximum pressure within 5 kpc along the
jet axis. The hotspot pressure and luminosity for each seed show
a combination of a systematic decrease with time (seen also in
the constant jet case, see first column of Fig. 4) with the variable
behaviour imprinted by the flickering jet power. There is a clear
correlation between spikes in the jet power, and spikes in the
pressure of the hotspot and the luminosity, with an increasing
time lag as the jet increases in age and length due to the travel
time of material along the jet. Whilst the increases in jet power
are around a factor of 2 at most, the increases in pressure and
luminosity can be of order 10 times or larger. We conclude that

the dramatic increases in the overall luminosity of the jet are
driven primarily by the increased hotspot pressure. We discuss
the mechanism behind this in Section 3.5.

The behaviour of the recollimation shocks is also in significant
contrast to the constant power jet case. Here, the variability in
jet power can be seen to lead to both increases and decreases
in the distance along the jet at which the recollimation shocks
occur, with these changes happening over short amounts of time
(again of order < 0.1 Myr). Indeed the long term behaviour of the
recollimation shocks in a steady jet can be seen in Fig. 6.

We turn now to look more closely at the connection between
the changes in recollimation shock separation and the brighten-
ing hotspots. There are times where the first two recollimation
shocks are very close together, often with a suggestion of a third
and sometimes even fourth shock visible. At other times the recol-
limation shocks are separated by larger distances. The movement
of recollimation shocks to larger distances is predicted by S. A. E.
G. Falle (1991) to happen at higher jet powers (see Section 3.2).
In our simulations this movement generally precedes snapshots
with brighter hotspots, with a return to closer together recollima-
tion shocks preceding dimming hotspots. To illustrate this Fig. 7,
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Figure 7. Variable jet with seed 6 between 8.94 and 9.14 Myr, show-
ing the disruption and reformation of the recollimation shocks (8.98 to
9.02 Myr) and the passage of a bright region of emission along the jet
(most clearly visible between 9.02 and 9.06 Myr). A line is overlaid to
highlight the passage of the bright region along the jet between 9.02
and 9.06 Myr, and is continued backwards and forwards in time assum-
ing a disruption propagating with a constant velocity. This highlights
the coincidence with the disruption of the recollimation shocks and the
brightening of the hotspot.

shows the variable jet with seed 6 between 8.94 and 9.14 Myr at a
finer time resolution than in Fig. 4. At 8.94 and 8.96 Myr the two
recollimation shocks are close together. Between 8.98 and 9.00
Myr the second recollimation shock is disturbed - it reforms at
9.02 Myr at a larger distance from the first recollimation shock.
We use a faint overlaid line to show the position of a relatively
bright patch of emission which appears to travel along the jet.
This is most clearly visible between 9.02 and 9.06 Myr. We here
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direct the reader to the videos of the varying jets provided in the
supplementary material (emissivities_144_MHz_seed_0.mp4,
emissivities_144_MHz_seed_6.mp4, emissivities_144_MHz_
seed_12.mp4), where further examples of this behaviour can be
seen. In Fig. 7, we continue the faint line backwards tracing the
presumed path of this bright patch back in time and back towards
the jet inlet, assuming it has a constant speed along the jet. The
timing lines up with the disturbance of the second recollimation
shock at 8.98 Myr. Assuming the bright patch is related to a
disturbance that continues to propagate forwards in time at this
constant speed along the jet, even past the point at which it
stops radiating enough energy to be bright in the simulated radio
image, leads to it reaching the position of the jet head at the same
time as which the jet head brightens. Fig. 6 shows that there is a
modest but sharp increase in jet power just before 9.0 Myr. This
is followed by a short period of slower increase in power around
9.0 Myr and then shortly followed by another sharp increase. In
summary, we observe that high power periods lead to an increase
in the separation between the recollimation shocks, followed by
a transient period of dramatically increased hotspot luminosity.

3.4 Effects of a constant larger power

We have shown that dramatic increases in hotspot luminosity
are associated with periods of high jet power and that in specific
examples we can link these to earlier changes in the separation
between recollimation shocks and regions of bright emission that
travel along the jet. This suggests a link between the variabil-
ity and the increased luminosity. Here, we seek to understand
whether the link to higher power periods is intrinsically linked
to the variability or alternatively whether a constant larger jet
power would be sufficient to drive the full extent of the increased
luminosity. Observationally, S. Rawlings & R. Saunders (1991)
found the boundary between FRI and FRII galaxies to be at a
jet power of approximately 10* erg s~!, however recent simula-
tions have seen lower boundaries at approximately 10* erg s™1
(e.g. S. Massaglia et al. 2016), whilst B. Mingo et al. (2019) have
found FRII radio galaxies at low luminosities, with significant
overlap between the distributions of luminosities for FRI and
FRII sources. With jets above the FRII threshold power (which is
not unique and, minimally, an environment-dependent quantity)
expected to have bright hotspots and jets below this threshold
expected not to show bright hotspots, we consider the possibility
that our simulations are near to the threshold and that simply the
higher power is what drives the dramatic increase in hotspot lu-
minosity, rather than the variability itself. Therefore we consider
a jet with a constant power of 2 x 10% erg s~! - twice that of our
fiducial steady jet, and higher than all but the two largest spikes
in power for our variable jets. Fig. 8 shows that the 2 x 10% erg
s~1 jet is more luminous than the lower power steady jet at early
times; however, at late times the luminosities of the two jets differ
by less than a factor of 2 at the same timestamp. It should be noted
that the 2 x 10* erg s™! jet advances at a greater speed into the
ambient medium, resulting in a jet that is longer for the same
width at the base compared to the 10 erg s~! constant power
jet. We find similar late-time morphologies in the and 10 ergs—?
cases in our simulation. We therefore find that a constant higher
jet power is not sufficient to cause the very bright hotspots in
our variable simulations. Rather, we conclude that this behaviour
is directly linked to the changes in jet power and by extension
that any variability in jet power is likely to lead to periods of
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Figure 8. Luminosity against time for the steady and step-change jets.
For each of the step-change jets, the luminosity grows sharply to a max-
imum a short time after the step change in power is introduced. The
increased luminosity reduces to be comparable to that of the constant
power jets over a period of At = 2 Myr. The reduction in luminosity is
not smooth, suggesting some rebrightening in cases. The initial jump in
luminosity is strongly dependent on the age of the jet. Note the different
sampling frequencies for the steady and step-change jets.

significantly increased hotspot luminosity and a temporary en-
hancement to the jet radiative efficiency.

3.5 What mechanism drives increases in hotspot
luminosity?

To further investigate the mechanism driving these sharp in-
creases in luminosity, we take the simpler case of a step change
in jet power between the powers of the two steady jets previously
discussed. We increase the power from 10% to 2 x 10% erg s71,
repeating this experiment with the step change occurring at 3, 5,
7, and 9 Myr. Fig. 8 shows that following a step change in power,
there is a jump in luminosity by a factor of ~ 8 which gradually
reduces down towards the luminosity of a constant power jet.
The increase in luminosity caused by the change in jet power
is strongly dependent on the age of the jet. This is likely to be
caused by the reducing pressure of the cocoon over time in the
steady jet simulations. This reducing pressure with increasing
lobe length has been predicted using analytical estimates (e.g.
M. C. Begelman & D. F. Cioffi 1989). We note times when the
luminosity rebrightens, which are particularly clear in the step
changes at 3 and 5 Myr. Overall, the sharp increases and the
corresponding decays to steady jet behaviour clearly show that
the variability indeed drives the increased luminosity, as opposed
to purely the magnitude of the power at any given time.

The pressure and emissivity maps at times shortly following
one of these step changes give insights into the process driving the
jumps in luminosity. We show emissivity maps together with the
pressure of a slice through the centre of the simulation domain
for the step change at 9 Myr in Fig. 9. The formation of a clear
hotspot is visible at 9.18 Myr and this hotspot can be seen to decay
in luminosity from approximately 9.24 Myr. A shock travels along
the jet axis of the simulation, accompanied by a pressure wave
propagating into the cocoon region. From 9.06-9.14 Myr there is
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a bright region of emission coincident with the location of the
travelling shock. In a similar manner to that highlighted for the
jet shown in Fig. 7, this region is not visible in the emissivity
map as the disturbance reaches the turbulent region (here at
around 9.16 Myr). Additionally, at this time there is no clearly
discernable shock wave along the jet axis in the pressure map. At
9.18 Myr the shock is once again identifiable in the pressure map
and corresponds to the bright hotspot region in the emissivity
map. We therefore identify the primary mechanism driving the
increased luminosity following jumps to higher power periods
in our variable jets as follows. AGN jet head regions consist of
a forward and reverse shock separated by a contact discontinuity
(R. D. Blandford & M. J. Rees 1974). The sharp rise in power seen
at many times during our simulations leads to a shock structure
travelling along the axis of the jet, which, at a time approximately
equal to the light travel time down the jet, will reach the existing
double shock structure at the jet head and will interact with it.
These interacting shocks lead to a large increase in the pressure
in a thin region close to the jet head, which drives the increased
luminosity. We plan to model the expected increase using semi-
analytic methods in future work.

We expect the extent of the pressure jump resulting from this
‘interacting shocks’ mechanism to also depend on the properties
of the existing shock at the hotspot and on the effects of instabil-
ities along the jet axis, which themselves may depend on the pre-
vious variability in jet power. This complexity further motivates
the need to use high resolution simulations in the general case to
understand the expected magnitude of the effects of variability.

In the context of compact jets in X-ray binaries, J. Malzac (2014)
describe a forward and reverse shock structure at the boundary
between two shells, where the forward and reverse shocks sepa-
rate in the frame of the centre of momentum of the two shells.
As shells collide, they become strongly compressed, leading to
regions with increased pressure. In the methods employed in our
simulations, this rise in pressure leads to increased emission in
this region, as not only do we estimate higher magnetic fields
in higher pressure regions, so that the non-thermal electrons in
these regions lose energy at higher rates, but our prescription also
transfers more energy to non-thermal particles at shocks in areas
with higher internal energy. The travelling shocks identified in
Figs 7 and 9 represent the boundary between two ‘shells’ in our
simulation. On a microphysical scale, we might expect amplified
magnetic field strengths due to the compression of shells, leading
to higher synchrotron cooling rates and an increased efficiency of
particle acceleration. The travelling shock shown in Fig. 9 repre-
sents the boundary between two ‘shells’ in our simulation. Due
to the longer timescales of variability here, the travelling shock
reaches the jet head before the shells merge.

4 DISCUSSION

4.1 Implications for interpreting observations

The results of our simulations have significant implications for
interpreting observations of radio galaxies, which have a large
variety of morphologies and luminosities. Differences in appear-
ance and luminosity between radio galaxies are often attributed
to long-term (= 10 Myr) differences between individual sources
such as environment (e.g. C. J. Saxton et al. 2010), merger history
(e.g. C. Ramos Almeida et al. 2012) or age (e.g. S. S. Shabala et al.
2008). Our results show that an individual source can exhibit
very different structures and morphologies within small fractions
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Figure 9. The effects of a step change in jet power from to 2 x 10% erg s~! at 9 Myr on emissivity at 144 MHz and pressure. The pressure is shown for
a slice through the centre of the simulation domain (perpendicular to the line of sight shown in the emissivity maps). The box shown in each case is 60
by 60 kpc. A shock can be seen moving along the jet axis in the pressure images, accompanied by a pressure wave moving outwards into the cocoon.
This shock is also visible in the emissivity maps as a region of increased emissivity which is elongated perpendicular to the jet axis. The approximate
displacement along the jet is denoted with an arrow, up until the travelling shock approaches the hotspot region. When the shock reaches the end of the
jet there is a dramatic increase in hotspot pressure, corresponding to a large increase in the hotspot luminosity. We include videos of the step change
emissivity maps and pressures in the supplementary material (emissivities_144_MHz_step_change_9.mp4, pressures_step_change_9.mp4).
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Table 4. Number of times the luminosity increases by a given fraction
between 4 and 10 Myr in each variable power jet simulation.

Luminosity increase Seed 0 Seed 6 Seed 12
> 2X 6 7 6
> 5% 2 1 2
> 10x 2 0 1

of the source’s overall lifetime. This view of variation within a
single source both further establishes a relationship between the
morphology of a source and its underlying fuelling mechanism
and could go some way to providing a more unified view of pro-
cesses happening across a large sample of radio galaxies. In the
discussion that follows, we consider some of the implications our
results may have for interpreting observations of radio galaxies.

4.1.1 Luminosity-size evolution

Models of tracks through luminosity-linear size (P-D) diagrams
tend to use constant power jets to explain the distribution of
sources across the plane. Our results support the observed trend
for decreasing luminosity with size (e.g. K. M. Blundell, S. Rawl-
ings & C. J. Willott 1999; S. S. Shabala et al. 2008) but suggest
that some of the scatter in the distribution could be driven by
variability in the jet power and resulting luminosity of single
sources, rather than purely differences between the power (and
environments) of various sources. We continue by looking at es-
timates of jet power, particularly in relation to radio galaxies with
very bright hotspots. In these cases, we suggest that estimates
of instantaneous jet power should consider the possibility that
the hotspot luminosity is being largely driven by the merging of
two sets of shocks caused by a recent sudden large increase in jet
power. To make a speculative estimate of how often a significant
luminosity increase occurs, we make use of the luminosity time
series presented in the bottom row of Fig. 6. We calculate the
fractional difference in the luminosity at each time compared
to its value 0.1 Myr earlier []. We then count the number of
distinct times this value rises above 2, 5, and 10 for each seed.
We present the results of this analysis in Table 4. Whilst a larger
sample of random seeds would clearly improve the ability to
draw meaningful conclusions, particular for the more extreme
increases, the values found begin to give us an idea of how often
we expect to see significant increases, for example based on these
results we might expect to see a luminosity increase of greater
than 5x once every approximately 4 Myr. The hotspot brightness
remains at an elevated brightness compared to the baseline lu-
minosity for a time on the order of 0.2 Myr, implying that we
might expect approximately 1 in 20 sources to have some hotspot
brightening due to this mechanism, with many of those sources
showing low levels of brightened hotspots. Given the relatively
quick decay in luminosity and the need to differentiate increases
due to interacting shocks from increases due to environmental
factors, we suggest that future work should focus on how often
the more extreme increases are likely to occur. In relation to the
link between morphology and fuelling we suggest that with a
wider sample of well-resolved radio jets, key signatures found in
our simulations together with measurements of core luminosi-
ties could contribute to furthering understandings of fuelling on
time-scales of fractions of a Myr.

A common method to investigate AGN jet evolution using pop-
ulation studies is to plot samples on a luminosity-linear size (P-
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D) plane and then compare to smooth tracks based on models
with constant jet power (e.g. K. M. Blundell et al. 1999). M. J.
Hardcastle et al. (2019) highlight that radio luminosity and size
depend on the source environment, angle of a source to the
line of sight and redshift in addition to the power and age of
the source. These attributes that vary between sources can be
used, together with a population of sources with a variety of
constant jet powers, to explain the large amounts of scatter and
overlap between groups of sources at different redshifts (e.g. K.
M. Blundell et al. 1999). We consider whether the variable jets
we simulate might also lie within the observational constraints.
Tracks in luminosity-linear size diagrams are influenced by the
advance speed of jets together with their luminosity. We consider
the effects of each of these factors on the paths of our variable
jets through the P-D plane. H. W. Whitehead & J. H. Matthews
(2023) show that, during high power periods, variable jets with
o = 1.5 (where o is the standard deviation of the logarithm of
the accretion rate, see Section 2.2) have an increase in axial ratio
A = L/W of the jet, where L is the jet length and WV is the bow
shock width measured at the jet base. This suggests that the force
of the jet on the surrounding medium is concentrated over the
area at the head of the jet during these times. Additionally, H. W.
Whitehead & J. H. Matthews (2023) show that these high power
periods preferentially create hotspots due to larger instantaneous
ram pressure at the jet head. In this work, with o = 0.33 as moti-
vated by CCA (see Section 2.2), we instead find that the advance
speeds of the variable jets we simulate vary only slightly from
the advance speeds of our steady jets, with both advancing at a
near constant speed. This suggests that the main effect of any
variability resulting from CCA on predictions for luminosity-size
diagrams is through the resulting variability in the luminosities.
This is characterised by an overall trend towards decreasing lumi-
nosity towards larger linear sizes but with significant scatter in-
troduced by the varying hotspot luminosity. The variable hotspot
luminosity of our variable power jets could provide an alternative
or additional explanation for this scatter, whilst still following the
overall constraint of decreasing luminosity towards larger linear
sizes.

4.1.2 The relationship between radio luminosity and jet power

Motivated by our findings of large amounts of variability in
hotspot luminosity for modest changes in jet power, we continue
by considering jet power estimates. A key component of this
estimate is the radiative efficiency of the system, defined as the
ratio of radio luminosity (Ly,gi0) to jet power (e.g. L. E. Godfrey &
S. S. Shabala 2013). To investigate the differences in radiative
efficiency over time, we show the luminosities of the two steady
and three variable jets across their lifetimes in Fig. 10. Here,
we resample the data for the variable jets, showing only every
fifth measurement to match the frequency with which we save
the steady power jet luminosities. We include the luminosities
without resampling for reference. For the majority of the variable
jets’ lifetimes their luminosities are comparable to that of the
constant 10% erg s~! steady jet, implying that their radiative effi-
ciency is in general very similar to that of a steady jet. However,
superimposed on this behaviour are the large spikes in luminosity
previously discussed, together with smaller dips in luminosity.
During the spikes in luminosity, the instantaneous radiative ef-
ficiency of the o = 0.33 variable jets is much higher. Methods for
estimating instantaneous jet power include calculations based on
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Figure 10. Luminosities at 144 MHz for variable and steady jets, with
variable jets resampled to match frequency of steady jet data saves. The
2 x 10% erg s~! constant power jet outgrows the simulation domain at
t ~ 8.5 Myr and has a slightly higher luminosity than the 10*° erg s~!
constant power jet. The variable power jets have a similar radiative effi-
ciency to the constant jets at most times, with some short periods of much
higher radiative efficiency.

the luminosity and size of the hotspot (e.g. L. E. Godfrey & S. S.
Shabala 2013), and the use of scaling relations with luminosity at
a particular wavelength, for example (C. J. Willott et al. 1999).
Crucially, the effects of interacting shocks and/or variable jet
powers are not considered by these models. We therefore high-
light the importance of being able to understand whether the jets
we observe have been in low or high power periods in their recent
history, in order to provide vital context for any energy estimates.

Given the above, signatures of variability can provide vital
context for energy and power estimates. We have shown that a
jump in jet power AQ; < (Q;) can lead to two kinds of features
in our computed emissivity maps. First, we have shown that the
resulting travelling shock can cause a structure in the emissivity
map which appears elongated in a direction perpendicular to the
jet axis. Given an estimate of the inclination angle, as discussed
in Section 3.5, the identification of this structure in a radio galaxy
would give a lower limit on the time since the jump in power.
On the one hand, travelling shock structures will in general be
challenging features to pick out in most radio images; they can
be relatively faint features, and are transient, so would only be
expected to be present in a small fraction of sources. On the other,
the travelling shock features we see also bear some resemblance -
in terms of physics and appearance - to so-called double-double
radio galaxies or restarting sources (e.g. A. P. Schoenmakers et
al. 2000; C. Brocksopp et al. 2007; V. H. Mahatma et al. 2019),
and one can envisage a continuum of variability properties that
produce a variety of travelling shock structures.

The increased hotspot luminosities that we see have lifetimes
on the order of a few tenths of a Myr. If we were able to tell that
a particularly bright hotspot were a consequence of flickering,
then the observation of that bright hotspot would tell us that
the increase in jet power must have happened within a jet travel
time plus a few tenths of a Myr ago. The major challenge here
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is in discerning that a bright hotspot was indeed caused by flick-
ering. Population-based approaches may help to mitigate these
challenges and these are discussed in the following section. Fur-
thermore, the level of brightening expected due to the interacting
shocks mechanism can be very high, with increases of ~ 10x
in some cases (see Fig. 6). Further work should compare these
expectations to those from interactions of a jet with a sudden
change in the ambient density field. Whilst we cannot hope to
monitor a single source on these timescales, further constraints
on how bright we can expect a hotspot to get in various cases in
comparison to other parts of a radio galaxy or in comparison to
the hotspots of other radio galaxies may provide a path towards
identifying whether the underlying cause is likely to be a recent
change in jet power.

4.1.3 Prospects for identifying flickering in radio surveys

Probing variability using radio surveys constitutes an aspirational
goal, which would require detailed methodologies outside of the
scope of this paper. In this section, we aim to provide some pre-
liminary ideas for how this goal might be achieved.

The morphological features we identify depend on the variabil-
ity of the simulated source over the last fraction of a Myr. This
time-scale implies that population studies would be a require-
ment for improving understanding of variability across AGN jet
lifetimes, as we could not expect to sample the full range of
behaviours found in the simulations in a single observed source.
Recent radio surveys (e.g. M. Jarvis et al. 2016; D. McConnell et al.
2020; T. W. Shimwell et al. 2022) have led to large increases in
the numbers of radio galaxies observed. In particular, the LOFAR
Two-metre Sky Survey includes images of deep fields at 0.3 arcsec
resolution (e.g. the European Large-Area Infrared Space Observa-
tory Survey-North 1 (ELAIS-N1); J. M. De Jong et al. 2024; T. W.
Shimwell et al. 2025). Within these deep fields, many sources are
spatially resolved enough to pick out hotspots and some bright
emission along the jet lines. However, there is a much smaller
number of observed sources with the required level of spatial
resolution to allow detailed comparison with the finer detail
morphological features we identify, such as the emission from
particles accelerated in travelling shocks. Hercules A and Cygnus
A (e.g. R. Perley et al. 1984) are two examples of radio galaxies
observed at spatial resolutions that could allow this comparison.
Hercules A features ring-like structures that are thought to be
the result of multiple AGN outbursts (e.g. R. Timmerman et al.
2022). Our simulations show that these brighter regions persist
only for a fraction of the source lifetime and therefore at a given
time would only be present in a fraction of sources. Furthermore
they are difficult to differentiate from other emission in a single
snapshot, which is all we have access to for any given source.
The wider availability of hotspot data motivates more detailed
characterization of time-scales over which the hotspots brighten
and fade in variable jets (from data such as those we present here)
and further understanding of the exact characteristics of the vari-
ability that affect the luminosities reached in these simulations
(analytic models, see Section 3.5). For example, one methodology
would be to simulate further seeds, create a histogram of hotspot
luminosities for jets within a given length range (e.g. 40—50 kpc)
and then compare this to a histogram of hotspot luminosities
from real sources to see if the distributions are significantly dif-
ferent, or more similar than a distribution of luminosities given
a constant power jet simulation. Comparison of such observed



distributions with predictions from simulations may then provide
a useful way to understand whether the variability predicted by
fuelling mechanisms such as CCA is compatible with radio sur-
vey data.

Further insight into the connection between jet activity and
AGN fuelling may come from combining radio data with infor-
mation about the AGN host galaxy and environment. M. Gaspari
et al. (2013) suggest that CCA may be more common in environ-
ments such as hot galactic haloes, groups or clusters of galaxies.
L. S. Jung et al. (2025) find that galaxies close to cosmic filaments
tend to have their major axis aligned with the closest filament,
whilst radio jets in these environments tend to be more randomly
oriented with respect to the host galaxy major axis compared to
those further from cosmic filaments. These authors suggest that
the random alignment of the jets is likely to be a consequence of
chaotic accretion due to frequent mergers along the cosmic fila-
ments. Analogously, we suggest that the distributions of hotspot
luminosities could be studied in galaxies found in different en-
vironments (e.g. galaxies that are within or outside of clusters)
in order to ascertain whether galaxies in, for example, clusters
have a distribution of luminosities which would fit that expected
from the evolution of a variable jet. Future facilities such as the
Square Kilometre Array (SKA) are likely to increase sample sizes
both of hotspot luminosities and sources with spatially resolved
backflows and lobes. With a larger sample of spatially resolved
sources, particularly with improvements to sensitivity, it may be-
come more feasible to search for the signatures of variability such
as travelling shocks.

4.2 Limitations and areas for future work

There are a number of potential areas for future investigation,
which include variability on shorter timescales, explicit mod-
elling of magnetic fields using RMHD and varying the properties
of the ambient medium into which the jet propagates. Here, we
discuss expectations for how each of these could affect our re-
sults, together with some suggestions for future work including
these effects.

As mentioned in Section 2.1, the shortest time-scale of variabil-
ity that we are able to include in these simulations is limited by
numerical issues. These issues stem primarily from the increased
variance in the Lorentz factor that accompanies the shorter time-
scales. Variability on shorter time-scales would lead to a shorter
initial separation between sections of the jet travelling at different
speeds. The hierarchical merging of shocks as a dissipation mech-
anism has been suggested in the context of X-ray binary hard state
jets (J. Malzac 2014). For our shortest time-scale of variability (100
kyr) the distance over which two neighbouring shells of mate-
rial merge depends heavily on their individual Lorentz factors.
Taking an illustrative example of two shells with Lorentz factors
'y =2.0 and ', = 2.5, we get an initial separation of Ad = 26
kpc between the centres of the two regions in the observer’s
frame. The second shell has a velocity of v, = 0.245c in the frame
of the first shell. The centres of the shells meet after 88 kyr in
the observer’s frame, during which time the centre of the first
shell moves d = 23.0 kpc in the observer’s frame. These shells
would therefore meet as the first shell reached the end of the jet
in our simulations. Shorter time-scales of variability would result
in shocks merging at smaller distances from the jet base. A sim-
ilar effect would be achieved by a larger AT =TI', — I';. At some
lower limit of variability, almost all shells would merge prior to
where our simulations begin, such that any variability below that
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time-scale would be smoothed out. For example, taking the two
shells with Lorentz factors 'y = 2.0 and I', = 2.5 from the above
discussion and shrinking the time between the centres of the two
shells entering the simulation to 10 kyr implies they fully merge
when the first shell has travelled a few kpc.

In this work, we chose not to explicitly model the magnetic
fields for a variety of reasons. It is difficult to get observational
constraints on the geometry of the magnetic field, which moti-
vates an approach investigating various geometries. In addition,
by initially separating investigation of these two effects, we aim to
understand the role of each and the effects of interplay between
them more comprehensively. We expect this interplay to have in-
teresting and important effects. As discussed in Section 3.5, there
is a complex relationship between the magnitude of the pressure
jumps and the recent history of the jet power. The addition of
explicitly modelled magnetic fields is likely to further increase the
complexity of this connection. Furthermore, magnetic fields may
offer some shielding from the onset of instabilities via magnetic
tension or, alternatively, lead to further instabilities via m = 1
kink modes in regions with strong toroidal magnetic fields (e.g.
N. Upreti, B. Vaidya & A. Shukla 2024).

It is worth considering other potential mechanisms which
could lead to similar brightened hotspot signatures. In particular,
we might expect intermittent hotspot brightening in the case of
a clumpy ambient medium, for example in the case of a galaxy
cluster. At smaller scales (within a few kpc from the base of
the jet), the interaction of the jet beam with a large (= 50 pc)
cloud has been shown to decelerate the jet (e.g. D. Mukherjee
2025). Radio observations of the radio galaxy 3C40B in the cluster
A194 show interactions between a radio jet and an intracluster
magnetic filament (L. Rudnick et al. 2022). Here, the jet appears
to change direction at the point at which it interacts with the
filament, with the filament appearing to bend around this change
in jet direction. There is some evidence for particle acceleration,
potentially including acceleration up to X-ray energies at the
meeting point of these structures, although random coincidence
with a background X-ray source is not ruled out. Future work
could investigate to what extent enhanced ram pressure can drive
brightened hotspots in clumpy environments on larger scales,
together with quantifying the amount of brightening expected
in these situations. Disentangling the various potential causes of
hotspot brightening in a source is likely to prove challenging, but
provides strong motivation for the semi-analytical model of the
amount of brightening expected in various situations (interacting
shocks as compared to interactions with ambient medium), as
mentioned in Section 3.5.

We simulated a radio galaxy at z = 0, where inverse Compton
scattering is a sub-dominant effect (equivalent to a field of Beq ~
3 uGatz ~ 0); however, it can start to become a significant source
of cooling relatively quickly with increasing redshift, z, with the
energy density of the CMB, ucys = *22T3(1 +2)* (B. Vaidya
et al. 2018), where Ty = 2.728 K and o3 is the Stefan-Boltzmann
constant. The energy loss rate, E is proportional to up + ucms.
Taking a characteristic magnetic field strength B = 20 uG from
a late time in one of our simulations (see Fig. Al), the CMB
provides an equivalent magnetic field, B.; = 20 uG at a redshift
of z ~ 2.5. For observations at a single frequency the first order
effect of a higher redshift will therefore be on the normalization
of the emissivity at each point in the source. However, some in-
terplay with synchrotron cooling rates could also lead to changes
in relative emissivities between regions in a source.
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5 CONCLUSIONS

We have presented high-resolution simulated radio emission
maps for steady and flickering AGN jets on scales up to 60
kpc. These simulations model the jet propagation using high-
resolution RHD, evolving energy spectra for populations of elec-
trons as they move around the simulation domain. This method
accounts for particle acceleration and cooling dependent on the
conditions local to each population of electrons. Moreover, we
have introduced the use of a fluid tracer to improve the modelling
of adiabatic cooling in the case of a high density contrast between
the injected jet and the ambient medium, removing spurious
adiabatic heating in the case of mixing with unshocked material.
Our methods allow improved modelling of emission along the jet
line and at the hotspot, but underestimates diffuse emission in
the lobes.
Our main conclusions are as follows:

(i) Our simulations show that a rapid increase in jet power
leads to a dramatic increase in hotspot luminosity. This increase
is intrinsically connected to the variability — the same increased
hotspot luminosity is not seen in a steady jet with higher power.

(ii) As a consequence, in a variable jet, a particularly bright
hotspot compared to other regions along the jet may suggest a re-
cent period of high jet power and by extension a previous episode
of high accretion rate. This suggests that spatially resolved ob-
servations of hotspots could be an effective probe of accretion
history over the previous ~ 0.2 Myr if further work can separate
the effects from those of interactions with the surroundings, for
example through the expected magnitude of brightening in each
case.

(iii) In our simulations, the sharp increase in hotspot luminos-
ity is caused by the merging of a shock that travels along the
jet with the pre-existing forward and reverse shock structure at
the jet head. Whilst the time-averaged radiative efficiencies of
the simulated constant power and variable jets are similar, the
sharp increases in hotspot luminosity in the variable jets lead to a
dramatic but short-lived increase in the radiative efficiency of the
jet. This implies that should we accept that jets may vary in this
way, jet power estimates based on hotspot luminosities should
account for the interacting shock mechanism.

(iv) The travelling shock can also lead to a bright region which
travels along the jet axis. If observations were spatially resolved
along the full jet axis, this could potentially be used to estimate
a maximum time since an increase in power occurred, allowing
the recent accretion history to be probed in further detail.

Our results have significant implications for interpreting ob-
servations of radio galaxies. We have shown that variable jets
produce a wide range of morphologies and that a single variable
jet can move between these states multiple times in just a short
fraction of its overall lifetime. Furthermore, we establish that the
morphology of a source can have a strong dependence on the
underlying fuelling mechanism through the effects of variability
in jet power. Indeed, a variable jet may well show a very bright
hotspot that is a result of a high power period which is no longer
observable in the core region due to the jet travel time. Variable
jets may also produce relatively bright patches of emission from
shocks which travel along the jet immediately following increases
in jet power, however these are likely to be very challenging to ob-
serve, particularly with current and near future radio telescopes.
Intermittent hotspot activity in jets with variable powers chal-
lenges the picture of a smooth evolution of luminosity with age,
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which is often used in the interpretation of population studies. In
the future, a combination of statistical constraints from surveys
of radio galaxies and statistical predictions from simulations such
as these could be used to test the predictions of fuelling theories
such as CCA.
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APPENDIX A: ESTIMATED MAGNETIC FIELD

We present an example of the estimated magnetic field strength
used in our simulations, as calculated based on the internal en-
ergy density of the fluid (see Section 2.3). Fig. A1 shows the esti-
mated magnetic field strength in a snapshot of the variable power
jetsimulation with seed 12 at 9 Myr. The hotspot has an estimated
magnetic field strength of around 50 uG at this time, whereas
that of the cocoon is approximately 20 uG. At earlier times in
the simulation the strength of the magnetic field in the lobes is
higher. Because the pressure at the hotspot in our simulations is
greatly variable, the estimated strength of the magnetic field at
the hotspot will also vary greatly throughout our simulations.
For illustrative purposes, we compare the lobe magnetic field
strengths in this snapshot with observational estimates of a
source with similar size. 3C 438 has an estimated size of 98.3
kpc (R. A. Laing, J. M. Riley & M. S. Longair 1983), which is
reasonably close to the size of our source accounting for both
jets and assuming near symmetry. Field strengths in the range
of 36.5 to 40.2 uG were found for this radio galaxy (J. J. Harwood
et al. 2015) through fitting of the Kardashev (N. Kardashev 1962)
and Pacholczyk (A. G. Pacholczyk & J. A. Roberts 1971) (KP) and
Jaffe-Perola (W. Jaffe & G. C. Perola 1973) (JP) spectral ageing
models, respectively. Slightly lower magnetic field strengths were
found when the jet region was excluded from the fitting. These
models assume a fixed magnetic field across the source, which
is not a realistic assumption around the hotspot of the source,
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Figure Al. Estimated magnetic field for a slice through the variable
jet with Seed 12 at 9 Myr. The estimated magnetic field strengths in the
hotspot and cocoon areas are approximately 50 and 10—20 uG, respec-
tively.

but give us some idea of the strengths we might expect in the
lobes. These strengths are reasonably close to those obtained in
our simulations, suggesting that our methods can reproduce rea-
sonable estimates for magnetic field strengths in the lobes of radio
galaxies.

APPENDIX B: PARTICLE INJECTION

Here, we describe our approach to injecting Lagrangian particles
into the simulation. Lagrangian particles are initialized at the
base of the jet at each time step in order to sample the jet material.
The number of particles injected and the frequency with which
they are injected is a decision that calls for a balance between
reaching an adequate sampling of the fluid and the amount of
data created each time the particles files are written. The energy
injection algorithm is such that if two particles are in the same
computational cell at a shock, the energy assigned to the non-
thermal electrons represented to each Lagrangian particle (see
Section 2.3) is half that which would be given to a single La-
grangian particle if it were the only one present. Ideally, therefore,
we would aim for at least one particle per cell in the simulation,
where above this, the emissivity predicted will not increase, but
any fewer particles results in a reduced emissivity prediction. In
reality, injecting one particle per cell does not lead to having ex-
actly one particle per cell throughout the simulation, as particles
collect in regions with a high density of jet material.

The data created by simulations with one particle per cell
would prevent us sampling the jets at the time frequency we use
in this study. Therefore, to reduce the computational cost and
data storage requirements of our simulations, we inject less than
one particle per cell and correct for the undersampling. We inject
particles uniformly across the jet base and stagger their precise
locations across timesteps. We inject 156 particles every 3 time-
steps. The jet has an area of 2527 ~ 1963 cells in our simulations.
With a maximum Courant number of 0.3 we would need to inject
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589 particles per time-step to have one Lagrangian particle per
cell on average. We therefore calculate a correction factor of ap-
proximately 11.5 for the emissivity. To test that this is reasonable,
we ran a short section of the 10 erg s~! constant power simu-
lation with the increased number of particles and compared the
emissivities from the same point in the sub-sampled simulation.
We also tested that the morphology predictions did not change
significantly with this level of undersampling by creating sub-
sampled maps from different random cuts of the particles in the
test simulation.

APPENDIX C: ADIABATIC COOLING WITH
MIXING TEST CASES

‘We present two tests run during the development of our method
to include a factor of tracer in the adiabatic cooling term as
discussed in Section 2.4. These tests highlight the need for an
improved treatment of mixing between shocked and unshocked
material. In the first, hereafter test A, a portion of shocked ma-
terial is mixed into a much larger region of unshocked mate-
rial with the same density. In the second, hereafter test B, we
again mix a portion of shocked material into a much larger re-
gion of unshocked material, but here the shocked material has a
density which is 1/10 of that of the surrounding material. This
case reflects the physical situation we model in our simulations
of AGN jets, as we see mixing of low density jet material with
comparatively much higher density ambient medium material.
In both cases, we initialize a population of Lagrangian particles
in the region of shocked material, giving each Lagrangian particle
a power-law electron energy spectrum. We initialize the fluid
velocity with alternating positive and negative values along one
axis in order to cause mixing via Kelvin Helmholtz instabilities.
Fig. C1 illustrates this set-up for the equal density case, showing
the initial location of the tracer material (1/100 of the simulation
volume) and the subsequent mixing with the other material in
the simulation. The Lagrangian particles are not shown in the
first panel as they would obscure the location of the fluid tracer;
they begin uniformly spaced within this region. Both the fluid
tracer and the Lagrangian particles are spread throughout the
volume by the end of the test simulation, showing that mixing
has occurred between the shocked and unshocked material. For
the purposes of these tests, we turn off synchrotron and inverse
Compton cooling, and allow only adiabatic cooling and heating.

We now present the results of test A when run using the orig-
inal Lagrangian particle module (B. Vaidya et al. 2018). In the
original Lagrangian particle module the quantity x (E) is normal-
ized to the number density of all fluids (shocked or unshocked)
such that x (E) = N(E)/n. This normalization is used in Figs C2
and C3 which are discussed below. Fig. C2 shows the distribution
of electron energies at the start and end of test A (mixing into
an equal density medium). As expected based on the original
scheme, the value of x remains constant at each electron energy.
Over the time the test case is evolved for, the number density of
electrons, n, stays constant throughout the simulation volume.
Because x and n remain constant, the prediction for AV, the num-
ber density of shocked electrons, also remains constant. However,
as the shocked material now fills the full volume, rather than just
the small dark area shown in the first panel of Fig. C1, physi-
cally (neglecting for now any work done by the shocked fluid on
surrounding fluid) we expect N to instead now have 1/100 of its
original value. In the case of mixing, some improvement to the
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Figure C2. Test A, original scheme. Distribution of x(E) = N(E)/nin

the case where a shocked population mixes with an equal density ambient
medium following the original scheme. x is shown for a randomly picked
Lagrangian particle at the start and end of the test simulation.

scheme is therefore required to avoid overestimating the number
density (and therefore the emissivity) of shocked material.

The motivation for an improved scheme is strengthened in the
case of mixing of shocked material into denser surroundings.
We therefore now present the results of test B as run with the
original module in Fig. C3. Across the time the test covers x (E) =
N(E)/n increases for each electron energy and the energy bins
also move to higher energies. The value of n as sampled by the
Lagrangian particles is almost 10x higher at the end of the test,
compared to at the beginning. This means that A'(E), the predic-
tion of the number density of shocked electrons, has increased in
this case, which is the opposite of what we expect to happen in
the physical case.

We now turn to the results of mixing tests for our updated
scheme (as described in Section 2.4) for test A — the case with
equal densities for the initial shocked and unshocked fluids. We
return to defining x(E) = N'(E)/(Cn), where C is the value of
the fluid tracer in the simulation. At the locations of the tracer
particles, C should decrease to approximately 1/100 of its orig-
inal value over the course of the test simulation. The number

The shocked population mixes with the surrounding material (here of equal density), resulting in a near uniform distribution of fluid

initial
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Figure C3. Test B, original scheme. Distribution of x(E) =N (£)/n

with energy in the case where a shocked population mixes with a
denser ambient medium following the original scheme. yx is shown for
a randomly picked Lagrangian particle at the start and end of the test
simulation.

density of electrons n should remain constant, and so we expect
the number density of the shocked particles to reduce to 1/100
of its original value. We therefore expect the value of x to re-
main approximately constant, but for the distribution to move
to slightly lower energies due to work done by the shocked elec-
tron populations to expand. As the distribution moves to lower
energies, the number of particles per unit energy must increase
to preserve the overall number of particles. Fig. C4 shows the
results of this test. As expected, the distribution has moved to
lower energies and higher number densities of particles per unit
shocked fluid density. Taking the maximum energy bin as an ex-
ample, following equation (15), we expect the energy to change to
Enax(t) = Emax(to)(ﬁ)% A 0.2Emx(to), which is approximately
what is seen in Fig. C4.

In this discussion we have largely neglected discussion of any
work done by the fluid in order to expand into its surroundings.
This should only lead to a further decrease in the energies of
the particles and so does not affect the above statements that
we expect x to decrease in each case. Our use of an adiabatic
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Figure C4. Test A, updated scheme. Distribution of x(E)=
N(&)/(Cn) with energy in the case where a shocked population
mixes with an equal density ambient medium following the original
scheme. x is shown for a randomly picked Lagrangian particle at the
start and end of the test simulation.

scheme, passive tracers and tracer particles, involves a number
of intrinsic assumptions regarding the interaction between the
nonthermal electrons and the thermal electrons. For example,
we do not consider heat transfer between the two populations,
modification of the plasma equation of state by the non-thermal
population, or ‘microphysical’ plasma interactions or instabilities
on, e.g. the gyroradius scale of the particles. The assumption of
no heat transfer will be less valid in the case of mixing popu-
lations, however the major effect in the case of expansion from
the hotspot region of a jet is that of a reduction in concentration
of the shocked material, such that overall this approach greatly
improves the modelling of adiabatic expansion for the shocked
fluid compared to not including the tracer factor.

APPENDIX D: PARTICLES VERSUS FLUID
TRACER

Fig. D1 shows the distribution of the scalar tracer multiplied
by the fluid density and the distribution of Lagrangian particles
for a slice through the seed 12 simulation at 9 Myr. This illus-
trates the agreement of the two tracer approaches in tracking the
density of jet material. We found that the agreement of these
two approaches was dependent on the resolution used for the
simulations and that our resolution of 0.04 kpc (25 cells per jet
radius) was sufficient to ensure this agreement. We found that
a high resolution was particularly important near the jet head.
We show the jet head region for a 2D test simulation at the same
resolution in Fig. D2.

The locations of the Lagrangian particles in this simulation
agree well with the distribution of the jet material. In partic-
ular, this test shows that when strong backflows form, the La-
grangian particles enter and move through these backflows effec-
tively at this resolution. At lower resolutions, we found that the
Lagrangian particles often became trapped in the region between
the forward and reverse shocks at the jet head.
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Figure D1. Seed 12,9 Myr snapshot of fluid tracer multiplied by density
and location of Lagrangian particles in slice through centre of simulation
domain. The distributions of Lagrangian particles show good agreement
on medium and large scales.
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Figure D2. The velocity and distribution of Lagrangian particles over-
laid on the fluid tracer multiplied by density in a 2D axisymmetric sim-
ulation used for testing. We show the jet head in this image with the jet
moving from left to right. As this simulation is axisymmetric, we show
only one half of the jet head here. This simulation has the same resolution
of 0.04 kpc (25 cells per jet radius) as our 3D simulations and illustrates
that in the case of strong backflows, this resolution is high enough to
ensure that the Lagrangian particles effectively follow the backflows and
enter the cocoon region.
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