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Abstract
We investigate the evolution of active galactic nucleus jets on kiloparsec-scales due to their interaction with the clumpy interstellar
medium (ISM) of the host galaxy and, subsequently, the surrounding circumgalactic environment. Hydrodynamic simulations of this
jet–environment interaction are presented for a range of jet kinetic powers, peak densities of the multiphase ISM, and scale radii of the
larger-scale environment – characteristic of either a galaxy cluster or poor group. Synthetic radio images are generated by considering the
combination of synchrotron radiation from the jet plasma and free-free absorption from the multiphase ISM. We find that jet propaga-
tion is slowed by interactions with a few very dense clouds in the host galaxy ISM, producing asymmetries in lobe length and brightness
which persist to scales of tens of kpc for poor group environments. The classification of kiloparsec-scale jets is highly dependent on surface
brightness sensitivity and resolution. Our simulations of young active sources can appear as restarted sources, showing double-double lobe
morphology, high core prominence (CP> 0.1), and the expected radio spectra for both the inner- and outer-lobe components. We qualita-
tively reproduce the observed inverse correlation between peak frequency and source size and find that the peak frequency of the integrated
radio spectrum depends on ISM density but not the jet power. Spectral turnover in resolved young radio sources therefore provides a new
probe of the ISM.
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1. Introduction

Extragalactic radio jets launched from active galactic nuclei
(AGNs) are among themost energetic phenomena in theUniverse,
interacting with their surroundings across many orders of magni-
tude in scale. These jets significantly impact the evolution of their
host galaxies through kinetic and radiative feedback, acting both
to suppress and enhance star formation (Silk 2013; Wagner et al.
2016). On larger scales, jets act to prevent catastrophic cooling in
galaxy clusters (e.g. Mathews & Brighenti 2003; Croton et al. 2006;
Shabala & Alexander 2009; Fabian 2012; Gaspari, Ruszkowski, &
Sharma 2012; Schaye et al. 2015; Raouf et al. 2017; Weinberger
et al. 2023). The study of young radio sources and their evolution
from compact to extended scales provides insight into how this
feedback occurs, helping to constrain jet triggering mechanisms,
radio source life cycles, and feedback channels.

Compact or unresolved sources make up a significant fraction
of the observed radio source population, and are generally believed
to form part of a similar evolutionary sequence to extended radio
galaxies. However, many compact sources are likely to be frus-
trated by the dense gas located within their host galaxy, either
temporarily or on longer timescales (e.g. O’Dea & Baum 1997;
Orienti 2016; O’Dea & Saikia 2021). Furthermore, studies of radio
source lifetimes suggest that many young radio sources may not
ever reach extended morphology. Shabala et al. (2020) investi-
gated empirical constraints on radio source duty cycles, finding
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that the observed fraction of remnant and restarted radio sources
(� 10%, e.g. Jurlin et al. 2020) requires a population dominated
by short-lived radio sources. This is consistent with the observed
overabundance of compact, peaked-spectrum sources, which rep-
resent 15–30% of the bright radio source population (e.g. O’Dea
& Baum 1997; Orienti 2016). This fraction is a lower limit, since
compact sources which dominate the number counts in the local
Universe tend to have lower luminosities than their extended
counterparts (Shabala et al. 2008; Hardcastle et al. 2019).

Gigahertz-peaked spectrum (GPS) and compact steep-
spectrum (CSS) sources – henceforth collectively referred to
as peaked-spectrum (PS) sources – are an important class of
extragalactic radio source typically defined by their small linear
sizes and turnover in their synchrotron radio spectra. GPS sources
exhibit a peak at ∼1 GHz frequencies, with corresponding linear
size LS� 1 kpc. CSS sources are larger, with 1� LS� 20 kpc, and
often show a turnover or flattening of their radio spectra at lower
(∼100 MHz) frequencies (see reviews by O’Dea 1998; Orienti
2016; O’Dea & Saikia 2021). The small linear sizes associated
with PS sources suggest that the jets interact with the dense,
inhomogeneous gas located in the inner regions of the host
galaxy. While the source is confined to these scales, the turnover
in the radio spectrum is likely to be dominated by free-free
absorption (FFA) due to the dense interstellar gas surrounding
the radio source (e.g. Bicknell, Dopita, & O’Dea 1997; Callingham
et al. 2015; Tingay et al. 2015; Bicknell et al. 2018). Synchrotron
self-absorption (SSA) is an alternative mechanism for the spectral
turnover which constrains the internal properties of the source,
such as the magnetic field or source size (e.g. de Vries et al. 2009;
Jeyakumar 2016; O’Dea & Saikia 2021). For the sources and
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environments investigated in this work, FFA is expected to be the
more significant factor, and is the mechanism we consider in this
work.

Models of FFA in the literature often assume a constant opti-
cal depth for the entire absorbing screen for simplicity, but these
tend to be inconsistent with observations away from the spec-
tral turnover (e.g. Readhead et al. 1996; O’Dea 1998; Tingay & de
Kool 2003; Callingham et al. 2015). Models which instead assume
a power-law distribution of optical depths within the absorbing
medium (e.g. Bicknell et al. 1997; Kuncic, Bicknell, & Dopita 1998)
provide a much better fit to observational data. Conversely, many
observers directly fit the spectra without explicitly assuming the
underlying absorption mechanism or exact form of the absorbing
medium (e.g. Snellen et al. 1998; Callingham et al. 2017; Kerrison
et al. 2024).

Three-dimensional simulations of young radio sources inter-
acting with an inhomogeneous multiphase ISM have allowed FFA
spectra to be calculated directly from environment properties
using realistic host galaxy gas distributions. Bicknell et al. (2018)
performed simulations of young radio sources expanding through
the multiphase ISM, tracking the evolution of the turnover fre-
quency assuming FFA as the absorption mechanism. Covering a
range of jet and environment parameters, they found a relation-
ship between turnover frequency and linear source size which is
broadly consistent with the observed inverse correlation described
by (O’Dea & Baum 1997).

Interactions with a clumpy medium also affect the morphol-
ogy of the jets and the coupling of jet energy to the ISM and
surrounding gas. A significant number of theoretical works have
investigated the coevolution of AGN jets and their host galaxies
through simulations, both for spherically symmetric clumpy gas
distributions (e.g. Wagner & Bicknell 2011; Wagner, Bicknell, &
Umemura 2012; Mukherjee et al. 2016; Bicknell et al. 2018), and in
disk galaxies (e.g. Sutherland & Bicknell 2007; Gaibler, Khochfar,
& Krause 2011; Gaibler et al. 2012; Mukherjee et al. 2018; Tanner
& Weaver 2022). These small-scale interactions are important for
star formation and jet feedback on galaxy scales, and are also likely
to affect the eventual large-scale jet properties which are largely
not investigated in the above simulation suites. With the excep-
tion of the simulations of (Gaibler et al. 2011, 2012) tracking jet
evolution to linear sizes up to ∼ 30 kpc, all of the above works
only track jet evolution to several kpc, comparable to the size of
the host galaxy.

By considering source expansion to linear sizes of up to 60
kpc, in this paper we investigate the evolution of young radio
sources to larger scales than probed in the literature, allowing
simultaneous predictions regarding both the local emission and
large-scale lobe structures. This paper builds on the results pre-
sented by Bicknell et al. (2018) by considering how young radio
sources evolve from compact to extended morphologies via inter-
action with their environments across a range of spatial scales,
and by including both free-free absorption and semi-analytic syn-
chrotron emissivity calculations based on the methods of Turner
et al. (2018) and Yates-Jones et al. (2022). We robustly calcu-
late synchrotron emission using Lagrangian tracer particles, and
include synthetic observable quantities, such as surface brightness
maps, with realistic resolutions comparable to currently available
radio telescopes.

The paper is structured as follows. In Section 2, we describe the
simulation setup and emissivity calculations, then we present the

simulations and results in Section 3. In Section 4, we consider the
potential causes of lobe asymmetries and their persistence to larger
scales for different circumgalactic environments, and discuss the
effect of survey characteristics and the ambient environment on
the classification of young radio sources in Section 5. We investi-
gate the evolution of peak frequency with source size for different
jet and environment properties in Section 6, and conclude in
Section 7.

The spectral index α is defined by Sν ∝ ν−α for flux density
S and frequency ν throughout this paper. We assume a �CDM
concordance cosmology with �M = 0.307, �� = 0.693, and H0 =
67.7 km s−1 Mpc−1 (Planck Collaboration et al. 2016).

2. Methods

In this section, we outline our numerical approach to capture the
interactions between a jet and its host environment on both galac-
tic and circumgalactic scales. First, this requires the development
of a stable environment which is consistent with observations of
both the multiphase ISM and larger-scale circumgalactic medium
(CGM) surrounding young radio sources (Section 2.1). Next, we
discuss the process of injecting a jet into this environment and
track its evolution by running numerical hydrodynamic simu-
lations (Section 2.2). The observable properties of the source –
synchrotron surface brightness and radio spectra – are then calcu-
lated by combining free-free absorption calculations with a semi-
analytic calculation for the synchrotron emissivity (Section 2.3).

2.1 Environment setup

Most AGNs are hosted by elliptical galaxies (Sadler, Jenkins,
& Kotanyi 1989; Best et al. 2005). While some previous work
(e.g. Sutherland & Bicknell 2007; Gaibler et al. 2011; Mukherjee
et al. 2018) has focused on the less ubiquitous case of jet–ISM
interactions in disk galaxies, in this work, we follow the approach
of Bicknell et al. (2018), and consider the host galaxy as a spherical
region consisting of dense clouds embedded within the hot dif-
fuse gas to represent the multiphase interstellar medium. The two
phases are in pressure equilibrium, with the density of the clouds
following a lognormal distribution (as in Mukherjee et al. 2016).
The clouds are then placed under the influence of the same radial
gravitational potential as the diffuse gas, and a density cutoff is
imposed to remove clouds deemed to be thermally unstable (see
Section 2.1.3 for our implementation).

On large scales, most galaxy clusters are well-modelled by a
β-profile (e.g. King 1962; Cavaliere & Fusco-Femiano 1976) to
describe their density and gravitational potential. A number of
models additionally include a ‘cusp’, or other parameters beyond
a simple β-profile, to more accurately represent the inner regions
of the cluster (e.g. Zhao 1996; Navarro, Frenk, & White 1996;
Vikhlinin et al. 2006). In the following sections, we describe the
implementation of a combined density profile for the diffuse gas,
assuming a β-profile on circumgalactic scales (Section 2.1.1) and
a double isothermal potential (and associated density profile, e.g.
Sutherland & Bicknell 2007) to describe the diffuse gas on host
galaxy scales (Section 2.1.2). This produces a smooth, spherically
symmetric density profile for the diffuse gas across four orders of
magnitude in spatial scale and provides the required modelling
freedom in the central region.
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Figure 1. Density profiles for the diffuse gas in a galaxy cluster (red) and poor group
(blue), each comprising an isothermal β-profile (dashed lines) and double isothermal
galaxy profile (grey dotted).

2.1.1 Circumgalactic scales – diffuse gas

We model the density profile on circumgalactic scales using
an isothermal β-profile (King 1962; Cavaliere & Fusco-Femiano
1976), with associated gravitational potential as defined by (Krause
2005, their equation 7). The radial density profile is given by

nβ(r)= nβ ,0

(
1+

(
r
rc

)2
)−3β/2

, (1)

where nβ ,0 is the number density at radius r = 0, rc is the core
radius of the galaxy cluster or group, and β describes the steep-
ness of the profile. An exponent of β = 0.6 and constant cluster
temperature of T hot = 107 K were used throughout this work
(cf. Turner & Shabala 2015).

To investigate the effect of large-scale environment on jet evo-
lution and morphology, we consider core radii corresponding
to both a galaxy cluster and a poor group. The core radius is
related to the virial radius by rc = 0.08r200 for a low-redshift cluster
(see Turner & Shabala 2015), where r200 defines the radius which
encloses a mean density 200 times greater than the critical value at
that redshift. The mass within the virial radius is given by

M200 = 100
G

H2(z)r3200, (2)

where G is the gravitational constant, andH(z) is the Hubble con-
stant at redshift z (Croton et al. 2006). Observed virial masses of
typical galaxy clusters are ∼1014 M� (Vikhlinin et al. 2006), corre-
sponding to a virial radius of approximately 1 Mpc for z ∼ 0. Poor
groups, meanwhile, have lower masses (and thus smaller virial
and core radii), though these are generally less well-constrained,
typically falling in the range 1011–1013 M� (Tempel et al. 2014).
Using the ratio of core to virial radius defined by Turner & Shabala
(2015), we choose core radii of rc,cluster = 100 kpc and rc,group =
10 kpc for the cluster and poor group respectively.

On scales smaller than the core radius, the densities of the
β-profiles are approximately constant (Figure 1, dashed lines).
Using this density profile alone would thus not provide the mod-
elling freedom required in the core region, particularly within the
host galaxy (r< 2.5 kpc). Hence we introduce an additional pro-
file for the host galaxy diffuse gas, as discussed in the following
subsection.

2.1.2 Host galaxy scales – diffuse gas

Within the host galaxy, we model the hot diffuse gas of the multi-
phase ISM as spherically symmetric and isothermal. The density
profile is defined using the potential derived by Sutherland &
Bicknell (2007), which combines the contributions from both
baryonic and dark matter components. The net gravitational
potential on host galaxy scales, φgal(r), depends on parameters
λ= r D/r B and κ = σ D/σ B, where r and σ define the core radius
and velocity dispersion, with subscripts ‘D’ and ‘B’ for dark and
baryonic matter respectively. For normalised radius r′ = r/r D and
potential ψ = φ/σ 2

D, the double isothermal potential is deter-
mined from Poisson’s equation (Sutherland & Bicknell 2007, their
equation 5):

d2ψ
dr′2

+ 2
r′
dψ
dr′

= 9
[
exp (−ψ)+ λ2

κ2
exp (− κ2ψ)

]
. (3)

This potential is used to determine the spherically symmetric den-
sity profile associated with the diffuse gas of the host galaxy ISM.
In this work, we use values of λ= 5 and κ = 2 (cf. Bicknell et al.
2018). The resulting density profile is described by (Mukherjee
et al. 2016, their equation 2):

ngal(r)= ngal,0 exp
(

−μm aφgal(r)
k BThot

)
, (4)

where ngal,0 is the density at the centre of the galaxy (r = 0),
μ= 0.60364 is the mean particle mass in atomic mass units (ma),
k B is Boltzmann’s constant, and Thot = 107 K is the temperature of
the hot gas.

The total hot gas density profile is then determined by com-
bining this profile with the relevant cluster or group β-profile,
with n hot(r)= n gal(r)+ nβ(r), and the corresponding gravita-
tional potential given by φ(r)= φ gal(r)+ φβ(r). We choose a
central hot gas density value of n0 = 0.5 cm−3, consistent with the
range of values determined fromX-ray observations of cluster halo
gas densities (typically falling in the range 0.01< n0 < 1 cm−3, e.g.
Allen et al. 2006; Croston et al. 2008).

2.1.3 Host galaxy scales – dense clouds

The warm clouds of the multiphase ISM are assumed to fol-
low a lognormal density distribution, following the approach of
Mukherjee et al. (2016). A lognormal fractal cube was generated
using the freely available PYFCa routine, with initial mean μ= 1
and minimum and maximum correlated length scales of 20 and
250 pc respectively. Each location in the fractal cube has an asso-
ciated density given by n fractal(x, y, z), which is then scaled by a
mean central density and placed under the influence of the same
gravitational potential as the surrounding smooth gas. That is,

nwarm(x, y, z)= nfractal(x, y, z)× nw,0 exp
(

−φ(r)
σ 2

t

)
, (5)

for spherically symmetric gravitational potential φ(r) and cloud
velocity dispersion σ t. In this work, the ‘host galaxy’ (i.e. the extent
of the multiphase ISM) is taken to be a spherical region with a
radius of r gal = 2.5 kpc.

We calculate the temperature at each location in the cloudy
medium assuming that the warm clouds are initially in pressure
equilibrium with the hot phase. This allows an upper limit of
Tcrit = 3.4× 104 K to be placed on the temperature of any warm

ahttps://pypi.org/project/pyFC/ (A. Wagner).
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Table 1. Environment parameters common to all simulations.

Parameter Value

Halo temperature Thot 107 K

Central halo density nhot,0 0.5 cm−3

Central β-profile density nβ,0 0.05 cm−3

β-profile slope β 0.6

Central galaxy-profile density ngal,0 0.45 cm−3

Dark matter core radius r D 5.0 kpc

Ratio of r D/r B λ 5

Dark matter velocity dispersion σ D 500 km s−1

Ratio of σ D/σ B κ 2

Spherical galaxy radius rgal 2.5 kpc

Critical cloud temperature Tcrit 3.4× 104 K

clouds; above this value, the clouds are taken to be thermally
unstable and replaced with the corresponding hot gas values, as
in Mukherjee et al. (2016). Consistent with those authors, self-
gravity of the dense clouds is not included in this work, however
a combined β-profile and double-isothermal potential is imple-
mented as described above to prevent atmospheric collapse. With
our numerical setup (Section 2.2), these environments are stable
for longer than the typical jet propagation time of several Myr
(Table 1).

2.2 Simulation setup

The simulations presented in this paper use the open-source
numerical simulation package PLUTOb (Mignone et al. 2007).
We use the hydrodynamics (HD; non-relativistic) physics and
Lagrangian particle modules of PLUTO version 4.3, along with
the HLLC Riemann solver, linear reconstruction, second-order
Runge-Kutta time-stepping, the ideal equation of state, and the
minmod limiter in the presence of shocks.

The simulations were performed on the kunanyi high-
performance computing facility provided by the Tasmanian
Partnership for Advanced Computing. Each simulation used 2 240
cores, requiring an average of 100 000 CPU hours. The com-
putational grid is defined by a three-dimensional Cartesian grid
centred at the origin, extending to±35 kpc in the x, y, and z direc-
tions. The total number of grid cells in each direction is nx,y,z =
1 000, consisting of a central uniform grid patch of 500 cells (from
−2.5→ 2.5 kpc) with a geometrically stretched grid extending for
250 cells either side. The uniform grid patch has a resolution of
0.01 kpc per cell, allowing both the jet injection region and dense
clouds in the inner galaxy to be sufficiently resolved. The outer
regions have a stretching ratio of 1.0159, corresponding to a min-
imum resolution of 0.515 kpc per cell at the outer boundary at
35 kpc. Reflective boundary conditions are applied at all external
boundaries.

The jet injection region is defined as a sphere of radius
r0 = 0.1 kpc centred at the origin, following the geometry of the
jet injection setup described by Yates-Jones et al. (2021), Yates-
Jones et al. (2023). Within this region, the pressure is matched to
the ambient pressure at r0, and the non-relativistic jet density is
given by

ρjet = Qjet

v3jetπr20
(
1− cos θjet

) , (6)

bhttp://plutocode.ph.unito.it/.

where Q jet is the one-sided jet power. For all simulations consid-
ered in this work, the jet speed is vjet = 0.1c, and the half-opening
angle of the jet is θjet = 10◦. Each jet is injected onto the com-
putational grid as a conical outflow, with the velocity within the
injection region defined along the axis of jet propagation for both
jets as v= vjet if θ ≤ θjet, and v= 0 otherwise. An injection radius
of r0 = 0.1 kpc provides sufficient resolution to capture jet colli-
mation dynamics. Lagrangian tracer particles – required for our
synchrotron emissivity calculations – are uniformly distributed
within the injection region, with 16 particles injected onto the grid
every 0.001 Myr.

Unlike some other works (e.g. English, Hardcastle, & Krause
2016; Perucho, Mart, & Quilis 2019; Yates-Jones et al. 2021), we
inject non-relativistic jets into the multiphase ISM. For the spatial
scales and resolutions being considered in this work, mechanisms
relevant to the stability of relativistic jets (such as helicity and
magnetic fields) cannot be captured. The initially relativistic jets
will rapidly decelerate and become mass-loaded at the edges via
entrainment of the ambient gas (Bicknell 1984; Bicknell 1994),
forming a stable ‘spine-sheath’ structure comprising a narrow,
relativistic spine surrounded by a dense, slow-moving sheath.
In our simulations we approximate this structure with a heavy,
non-relativistic jet to robustly capture interactions with the mul-
tiphase ISM out to CGM scales. Following Turner et al. (2023),
a typical jet with a mildly relativistic spine (e.g. Lorentz fac-
tor γ = 2, v spine = 0.866c) will have an average bulk velocity of
v̄ jet = 0.1c across the cross-section of the jet (as modelled in our
simulations).

Cooling is not included in these simulations; we implicitly
assume that unmodelled feedback channels such as stellar winds
and radiative AGN feedback will act to prevent catastrophic cool-
ing. This allows the heating-cooling balance to be maintained
on large scales; however, the more complex dynamics on small
scales are likely to be missed by this approach. Cooling of the
dense gas clouds will partly mitigate ablation by the jet’s pas-
sage (Antonuccio-Delogu & Silk 2008), while jet dynamics will be
affected by radiative shocks producing higher post-shock densi-
ties and slower shock propagation (Alexander 2002; Sutherland
& Dopita 2017). Inclusion of cooling in the simulation setup
presented here is not feasible due to numerical instabilities and
a significant increase in computational requirements; we defer
further examination to future work.

2.3 Emissivity calculations

We calculate synthetic surface brightness maps and radio spectra
for each simulated source by combining synchrotron emissivities
and tracer particle losses with free-free absorption calculations for
a range of realistic observing parameters. Each simulation pro-
duces PLUTO grid and Lagrangian particle data files with temporal
resolution of 0.05 and 0.001 Myr respectively. Grid data files con-
tain the density, pressure, velocity, and jet tracer values for each
cell on the PLUTO grid. Particle files contain the spatial coordi-
nates, velocity, pressure, injection time, jet tracer value, and time
since last shock, t acc, for each particle at a given timestep (see
Yates-Jones et al. 2022 for details).

The synthetic lobe surface brightness is calculated using sim-
ulation grid and particle data, with each particle representing a
packet of electrons whose properties evolve with the fluid. This
approach calculates the lossless emissivity (including Doppler-
boosting) based on the fluid variables in the simulation grid
(e.g. Turner et al. 2023, their equation 40) and weights
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these brightnesses by an adiabatic and radiative loss factor,
Y(r, t, t acc, ν), derived from the Lagrangian particles (cf. Turner
& Shabala 2019). That is, the lossless luminosity arising from a
simulation grid cell at position r is given by

δPν(r, t, t acc)=K(s)ν(1−s)/2 q(s+1)/4

(q+ 1)(s+5)/4

× p(r)(s+5)/4δV(r)Y(r, t, t acc, ν), (7)

where K(s) is a source-specific constant for electron energy injec-
tion index s (Turner et al. 2018), q≡ u B/ue is the equipartition fac-
tor, δV(r) is the volume of the grid cell, and p(r) is the associated
thermal pressure. The adiabatic and radiative (i.e. synchrotron
radiation and inverse-Compton scattering) loss factor of the elec-
tron population is derived following Yates-Jones et al. (2022) and
mapped to the simulation grid using a smoothing kernel with scale
related to the local number density of particles (Stewart, Turner, &
Shabala 2024). In this work, the jets are injected along the z-axis,
with the observing plane chosen to be xz. Each pixel in the observ-
ing plane corresponds to a line of sight through the source (i.e. the
integral of the grid cell luminosities along that line of sight).

To consider the effect of free-free absorption on the observed
intensity, we must also calculate the optical depth associated with
each line of sight through the observing grid. The optical depth is
calculated following the approach of Bicknell et al. (2018) using the
PLUTO grid quantities density and pressure. The full expression for
the emergent intensity along each line of sight is given by (Bicknell
et al. 2018, their equation A2):

Iν(s2)=
∫ s2

s1
jν(s′) exp

(−[τν(s2)− τν(s′)]
)
ds′, (8)

where s1 and s2 are the locations of the back and front of the source
respectively (with respect to the observer), jν(s) is the synchrotron
emissivity associated with location s at observing frequency ν, and
τν(s)=

∫ s
s1 αν(s

′) ds′ is the free-free optical depth. The free-free
absorption coefficient, αν , is a function of density, temperature,
and observing frequency (see Bicknell et al. 2018, Appendix C),
calculated at every point on the observing grid using the PLUTO
data outputs. That is,

αν(Z)=
√
32π
27

c2r3e
(
kBT
mec2

)−3/2

neni(Z)Z2gν(T, Z)ν−2, (9)

where

gν(T, Z)=
√
3

2π

{
ln

[
8
π 2

(
kBT
mec2

)3 c2

r2e
1

ν2Z2

]
− √

γE

}
, (10)

for ions of charge Ze where Z is a positive integer (assumed to be
1 for the remainder of this work). Here, re is the classical electron
radius, and γE ≈ 0.577 is Euler’s constant. We impose a tempera-
ture cutoff of T = 1.05× 104 K for FFA – below this temperature,
the gas is assumed to be neutral, and thus has its free-free absorp-
tion coefficient set to α = 0. This choice of temperature cutoff
is consistent with Mukherjee et al. (2016), and the rapid cool-
ing expected below this temperature (Perucho 2024). The radio
power at each observing frequency is calculated by integrating the
emergent intensity over the two-dimensional observing grid.

3. Results

In this section, we introduce the suite of simulations and their
parameters, and present density and surface brightness maps for

Table 2. Simulation runs and their properties. Note: r c = 100 kpc corresponds
to a large-scale cluster environment, whilst r c = 10 kpc corresponds to a poor
group environment.

nw,0 Qjet rc
Sim. label (cm−3) (erg s−1) (kpc) Type

n400-Q44 400 1044 100 Reference simulation

n400-Q44-noclouds N/A 1044 100 No clouds

n150-Q44 150 1044 100 Low density

n400-Q44-group 400 1044 10 Group environment

n400-Q43 400 1043 100 Low jet power

n400-Q44-xaxis 400 1044 100 Rotated environment

n400-Q44-yaxis 400 1044 100 Rotated environment

Figure 2. Midplane density slice for the ‘reference’ simulation (n400-Q44) at a source
age of 1 Myr.

each of our simulated sources. The simulations used in this work
are presented in Table 2. Simulation labels of the form nAAA-
QBB-CCC are used, where AAA gives the mean central density
of the warm clouds in cm−3 (nw,0), BB defines the jet power in erg
s−1 (log10 Qjet), and CCC gives any additional information related
to the surrounding environment. Each simulation is based on the
properties of the ‘reference’ simulation (n400-Q44, with a central
cloud density of 400 cm−3, jet power of 1044 erg s−1, and large-scale
cluster environment), with the change of one parameter. A zoom-
in of the central region for n400-Q44 is presented in Figure 2.
Midplane density slices and synthetic surface brightness maps for
all simulations are presented in Figures 3 and 4 respectively.

Two ‘rotated environment’ simulations (n400-Q44-xaxis and
n400-Q44-yaxis) use the same jet and environment properties as
n400-Q44, but with the host environment rotated by 90◦. This is
equivalent to injecting the jet along a different axis compared to
the reference simulation and has the effect of changing the den-
sity profile encountered by the jet as it proceeds through the host
galaxy. The effect of the rotated environment is discussed in detail
in Section 4.1.

Figure 3 shows the evolution of density in the xz-plane (y= 0)
for each simulation. This highlights the morphological differences
produced via the interaction with a dense host galaxy environment
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Figure 3. Midplane density slice for all simulations at source ages of 0.5, 1, 1.5, and 2 Myr.

and the different growth rates. The radial symmetry in the envi-
ronment of the n400-Q44-noclouds simulation produces a source
which is symmetric throughout its lifetime, whilst large asymme-
tries between the jet and counterjet lengths are produced by the
inhomogeneous dense clouds.We discuss this further in Section 4.

Following the procedure outlined in Section 2.3, simula-
tion and particle outputs are converted to observable quantities,
namely surface brightness maps and radio spectra. The evolution
of the synthetic surface brightness for each simulation is shown
in Figure 4, assuming an observing frequency of 1.4 GHz, beam
full-width at half-maximum (FWHM) of 0.3 arcsec, and a redshift
of z = 0.05. These parameters are representative of the enhanced
Multi-Element Radio Linked Interferometer Network (eMERLIN),
assuming a sensitivity similar to that of the Legacy eMERLIN

Multi-band Imaging of Nearby Galaxies survey (LeMMINGs;
Baldi et al. 2018). At later times, there appears to be a significant
contribution to the emission from the spatial region encompass-
ing the host galaxy, as well as lobe structures on larger scales. This
contribution is heightened for simulations which contain a dense
multiphase ISM; we discuss this effect in Section 5.2.

In Figure 5, we show the evolution in the length of the radio
source as a function of source age. Assuming infinite surface
brightness sensitivity, the size of each source is taken to be the
distance between the furthest extents of jet material in each direc-
tion. In Section 4, we quantify the asymmetry of each source via
the jet to counterjet length ratio, and discuss the formation and
persistence of asymmetries in both jet length and lobe brightness.
We present the evolution of the source luminosities at 1.4 GHz in
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Figure 4. Synthetic radio emission for all simulations at source ages of 0.5, 1, 1.5, and 2 Myr. The observing frequency is 1.4 GHz with a beam FWHM of 0.3 arcsec; contours are
spaced logarithmically by 1.1 dex between 0.1 and 3 000 mJy beam−1.

Figure 6. The effects of environment and jet properties on source
growth rate can be summarised as follows:

(i) A source expanding through a dense, inhomogeneous
ISM experiences much slower growth than one expand-
ing through a smooth medium (i.e., n400-Q44-noclouds).
A higher host galaxy ISM density further decreases source
growth rates (i.e. the jets in the n400-Q44 simulation
are shorter at a given time than jets in the n150-Q44
simulation).

(ii) At large source sizes, the three simulations with different
ISM densities produce sources which are morphologically
similar. Interaction with a dense ISM, however, results in

a source being older for the same source size. Because jet
power scales with the mass injection rate into the jet for a
fixed jet velocity, older sources at the same size have higher
luminosity.

(iii) For the same host galaxy environment, n400-Q44 and
n400-Q44-group show identical growth within the host
galaxy. Once both sources have reached the edge of the
host galaxy (t ≈ 1.5 Myr), the steeper density profile of the
large-scale poor group environment results in faster source
growth at later times.

(iv) A low power jet growsmore slowly through the same envi-
ronment (i.e. the n400-Q43 jets are smaller at a given age
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Figure 5. Total source size as a function of source age for all simulations.

Figure 6. Total source luminosity at 1.4 GHz as a function of source size for all simula-
tions. Rotated environment simulations (n400-Q44-xaxis and n400-Q44-yaxis) are not
included for clarity; these show very similar evolution to n400-Q44. Vertical markers
are shown every 0.2 Myr, with filled circles every 1 Myr.

than the n400-Q44 jets). This is due to both the lower
rate of energy injection and the greater density contrast
between the jet and environment material (since jet den-
sity is directly proportional to the jet power for a given jet
speed; see Equation 6).

(v) The effect of rotating the environment on source growth
rate is small, but present due to some jets interacting more
strongly with the clouds in their path (i.e. n400-Q44 vs
n400-Q44-xaxis vs n400-Q44-yaxis).

4. Lobe asymmetries

Asymmetries in the length and brightness of the jets and lobes
occur due to interactions with the dense cloud structures in the
inner regions of the galaxy (see Section 3). In the following sec-
tions, we discuss the formation of this asymmetry as a result of
jet–ISM interactions within the host galaxy (Section 4.1) and its
persistence on larger scales (Section 4.2).

4.1 Genesis of asymmetry

4.1.1 Host galaxy environment asymmetry

Within the host galaxy, the jet and counterjet interact with dense
clouds in their path, particularly along the jet axis. Since the dis-
tribution of dense clouds is not radially symmetric, differences

between the environments encountered by the jet and counterjet
result in asymmetries in both length and brightness.

We quantify this asymmetry in the environment by consider-
ing the mass located within a cylinder aligned with the jet axis
for each of the reference simulations (i.e. those with nw,0 = 400
cm−3, Q jet = 1044 erg s−1, and a large-scale cluster environment:
n400-Q44, n400-Q44-xaxis, and n400-Q44-yaxis). We choose a
cylindrical radius of 0.1 kpc formass calculations, as this is approx-
imately equal to the collimated jet radius. The masses encountered
by the jet and counterjet in each simulation are shown in Table 3,
along with the time taken for each of the jet heads to reach the
edge of the host galaxy (z = ±2.5 kpc). The time for which the jet
is confined depends primarily on the distribution of densematerial
encountered. Notably, despite being the most symmetric in terms
of total mass along the jet axis, n400-Q44-xaxis has a significant
time delay between the jet and counterjet reaching the edge of the
host galaxy. This delay is due to the exact distribution of the dense
gas along the path of the jet, and results in a source which is highly
asymmetric (Figure 3). Despite showing very similar growth rates
in the total source size (Figure 5), the three rotated environment
simulations exhibit very different behaviours in terms of their
observed asymmetries on 10–30 kpc scales; we discuss this further
in Section 4.2.

4.1.2 Jet–cloud interactions

The interactions between the jet and clouds (and thus the result-
ing length asymmetries) also depend on the nature of the jet.
For the reference environment (n w, 0 = 400 cm−3), this effect
is investigated for the two jet powers (simulations n400-Q44
and n400-Q43). In both cases, we find that each jet is held
up by one particularly dense region in its path. For the pri-
mary jet (z> 0)c, this ‘northern cloud’ is centred at (x, y, z)=
(−0.015, 0.005, 1.075) kpc, with an initial mass of 3.0× 107 M�
and maximum density of 5.0× 10−21 g cm−3. For the coun-
terjet, the ‘southern cloud’ is centred at (x, y, z)= (−0.025,
0.015,−1.445) kpc, with an initial mass of 2.5× 107 M� and peak
density of 1.8× 10−20 g cm−3. Midplane density slices for each
dense cloud are shown in Figure A1.

The main factors which affect individual jet–cloud interactions
are the location and spatial extent of the cloud, its peak density
and total mass, and the properties of the jet. For the two clouds
discussed above, the southern cloud is smaller and slightly off-
set from the jet axis, so momentarily slows down and deflects
the jet, whereas the larger northern cloud occupies effectively the
entire jet channel, preventing the jet from progressing without
destroying it entirely (see Appendix A). This can be understood by
considering the time for which the jet head is at the exact location
of the dense cloud in each case (i.e. shaded regions in Figure 7).
For the northern cloud, the jet velocity is reduced to effectively
zero over a longer time-scale than for the southern cloud.We note,
however, that the northern jet velocity (i.e. slope of the dashed
line) increases rapidly after the jet passes the cloud. Conversely,
the southern jet is slowed to a small but non-zero velocity due
to the deflection of the jet around the cloud, eventually increas-
ing once the cloud has been sufficiently ablated by the jet. The
travel time of the jet over a small distance ds can be described

cThe primary jet (i.e. the longer of the two jets on intermediate scales) is the northern
jet in all of our simulations except n400-Q44-xaxis.
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Table 3. Environment asymmetry and jet/counterjet propagation times for simulations n400-Q44, n400-Q44-
xaxis, and n400-Q44-yaxis. m+ and m− refer to the total mass located within a cylinder of radius 0.1 kpc with
|z| ≤ 2.5 kpc for z> 0 and z< 0 respectively. Mass ratio is defined by MR =m+/m−. t+ gives the time for the
northern jet to reach z= 2.5 kpc, t− gives the time for the counterjet to reach z= −2.5 kpc. Time ratio is given by
TR= t+/t−.

m+ m− t+ t−
Sim. (×108 M�) (×108 M�) Mass ratio (Myr) (Myr) Time ratio

n400-Q44 0.7332 1.0628 0.6898 0.95 1.60 0.5937

n400-Q44-xaxis 0.9053 0.8677 1.0433 1.45 1.10 1.3182

n400-Q44-yaxis 1.0017 1.2173 0.8229 1.20 1.30 0.9231

by (cf. Turner et al. 2023, equation 5)

v= ds
dt

= v jet

(
1+

[
ρ̄x

γ 2
jetρ jet

]1/2)−1

, (11)

where v jet is the bulk velocity of the jet, ρ̄x is the average density
encountered by the jet-head, γ jet is the Lorentz factor (≈ 1 for a
non-relativistic jet), and ρ jet is the jet density. Since the collision
between the jet and the northern cloud is head-on, this implies a
higher average density within the jet channel, resulting in a lower
forward velocity v during the interaction.

Figure 7 shows the evolution of the cloud mass for the north
and south dense clouds. For both simulations considered here, the
northern cloud loses mass faster than the southern cloud, due to
the fact that it is completely ablated by the jet during the head-
on interaction. Conversely, the southern cloud slows down the jet
for longer (this is particularly evident in the case of the low jet
power simulation, n400-Q43), resulting in a significant time delay
between the jet and counterjet escaping the dense host galaxy. As
discussed in the previous section, this produces noticeable length
asymmetries which persist to larger scales.

For both clouds, a jet power of 1043 erg s−1 results in a slower
mass loss than its high-power counterpart. This jet has a lower ram
pressure (p ram = ρ jetv2jet) and a higher density contrast between
the jet and cloud material, since jet density is proportional to
jet power (see equation 6). This also results in a lower jet-head
advance speed and longer interaction time (equation 11). For
both jet powers, the thermal pressure of each cloud is enhanced
during the jet–cloud interaction. This enhancement occurs when
the advancing high pressure shock-front reaches the cloud and
persists until the cloud has been completely ablated by the jet.

4.2 Persistence

On larger scales, length and brightness asymmetries formedwithin
the host galaxy remain present for some time after the jets expand
past the edge of the host galaxy. As discussed in Section 4.1,
the direction and magnitude of the asymmetry depend on the
delay between the jet and counterjet escaping the host galaxy.
Figure 8 shows the jet length ratio (LR) as a function of total
source size, defined as the length of the primary jet divided by
that of the counterjet for all simulations.d In the case of n400-
Q44-noclouds, the symmetry of the environment on both small

dWe note that for simulation n400-Q44-xaxis, this length ratio is defined as the length
of the southern jet divided by the northern jet length, so that LR > 1 outside of the host
galaxy.

Figure 7. Evolution of total mass of cloud material (solid, left axes) and jet length
(dashed, right axes) for northern and southern dense clouds. The black stars are the
first timestep where the thermal pressure of cloud material exceeds the ram pressure
of jet. The shaded regions correspond to the times where the jet is co-located with the
dense cloud (within±0.1 kpc).

and large scales results in a source which is symmetric throughout
its active lifetime.

For sources expanding into a large-scale cluster environment
(all but n400-Q44-group), the length ratio peaks at a source size of
15–20 kpc before decreasing to approximately unity as the source
continues to expand. For the source expanding into a large-scale
group environment, the evolution to the peak LR is very similar
to that of n400-Q44 with the same host galaxy environment, but
this persists with the primary jet being approximately double the
length of the counterjet for the remainder of the simulated lifetime
of the source.

The persistence of a significant length asymmetry can be under-
stood by comparing the density profiles of the two environments
(see Figure 1). The cluster environment has a core radius of rc =
100 kpc; for the group environment, this is only 10 kpc. The den-
sity profile is effectively flat between 10 and 100 kpc for the cluster
environment, allowing the shorter jet to ‘catch up’ to the longer
one. Conversely, in the group environment the jet quickly passes
the flat inner region of the β-profile, so the longer jet is expanding
into an environment with rapidly decreasing density in this region.

We compare this result to the analytical model of Kaiser &
Alexander (1997), who showed that for a power-law density pro-
file of the form ρ(r)∝ r−β , the lobe expansion velocity varies with
time as v∝ t(β−2)/(5−β). Immediately upon escaping the dense host
galaxy medium (2.5� r� 10 kpc; see Figure 1), the density profile
in our simulations scales approximately as β = 2, implying a con-
stant ballistic expansion velocity. Expansion through the cluster
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Figure 8. Length asymmetry between jet and counterjet, defined as l(primary
jet)/l(counterjet) for jet length l. We note that the primary jet is always the longer of
the two jets; this is the southern jet for simulation n400-Q44-xaxis, and the northern jet
for the remaining simulations.

Figure 9. Lobe brightness asymmetry, defined as P1.4~GHz(primary lobe)/P1.4~GHz
(secondary lobe) for r> 2.5 kpc. As in Figure 8, theprimary lobehas z< 0 for simulation
n400-Q44-xaxis.

environment on 10–100 kpc scales corresponds to β ≈ 0, implying
a decreasing velocity of v∝ t−2/5. Meanwhile, the group environ-
ment in this region has a steeper density profile (β ≈ 1), resulting
in a lobe expansion velocity which is closer to constant, so the
morphologies present immediately outside the host galaxy are
maintained to much larger spatial scales.

Figure 9 shows the lobe brightness ratio (BR) for each simula-
tion as a function of total source size. Excluding emission from
within the host galaxy (i.e. r< 2.5 kpc), this is defined as the
1.4 GHz radio power of the primary lobe divided by that of the
secondary lobe. As with the length ratio, all simulations (except
n400-Q43) show a peak in BR at a source size of approximately 15
kpc. Taking each ratio as the length or brightness of the primary
jet divided by that of the secondary jet, this results in a peak LR
greater than 1, whilst the peak BR is generally less than 1. That is
to say, the shorter jet (at a source size of ∼15 kpc) tends to have
brighter associated lobe emission, due to interaction with a more
dense external environment. This is consistent with the results of
hydrodynamic simulations of powerful radio sources expanding
into asymmetric large-scale environments (Yates-Jones et al. 2021)
and observed trends for asymmetric sources studied by the Radio
Galaxy Zoo project (Rodman et al. 2019).

Our results suggest that extended sources with large observed
length or lobe brightness asymmetries are more likely to be located

in a poor group environment. While asymmetries in these simula-
tions are developed within the host galaxy, the flat density profile
observed in galaxy clusters with large core radii acts to return
length and brightness ratios to approximately unity within only a
few kpc of reaching their peak values. Conversely, despite show-
ing similar evolution to source sizes of ∼ 20 kpc, a poor group
environment acts to maintain asymmetries on larger scales.

5. Interpretation of complex radio morphologies

Surface brightness maps and radio spectra may not always be
straightforward to interpret. In the following sections, we discuss
the classification of radio galaxies based on observed morphol-
ogy and how this is affected by survey resolution and surface
brightness sensitivity (Section 5.1), as well as high core promi-
nence values which are typically attributed to multiple bursts of
jet activity (Section 5.2).

5.1 Observational effects

The correct classification of extended radio galaxies with promi-
nent core emission may be confounded by poor resolution or
surface brightness sensitivity. Below, we investigate the potential
for such objects to be misclassified.

The midplane density slice, synthetic surface brightness, and
synchrotron radio spectrum for the reference simulation (n400-
Q44, t = 3.5 Myr) and the group environment simulation (n400-
Q44-group, t = 3.0 Myr) are shown in Figure 10. We calculate
the surface brightness assuming both LOFAR- and eMERLIN-
like observations (5 and 0.3 arcsec beam sizes respectively, and
a sensitivity of 0.1 mJy beam−1; see figure caption for details) at
redshifts of 0.05, 0.5, and 3.0. When observed with LOFAR at
150 MHz, both sources appear only marginally resolved at z =
0.05, and unresolved at the higher redshifts, making it difficult to
to draw conclusions about the nature of the sources from these
observations alone. Follow-up observations with a high-resolution
array, such as eMERLIN, can provide more detailed information
about the structure of the source, however these instruments typ-
ically have much lower sensitivity to diffuse extended emission.
We note that at the sensitivity level considered in this work, we
expect the number of background sources to be < 10−5 arcsec−2

(Padovani 2011), so there would be no significant contamination
in the simulated field of view shown in Figure 10.

If the source is expanding into a large-scale cluster environ-
ment (e.g. n400-Q44), eMERLIN detects three distinct radio com-
ponents at all three redshifts – an inner lobe pair or compact struc-
ture on� 5 kpc scales, and a more extended lobe/hotspot reaching
∼20 kpc in each direction. While the emission connecting these
components is above the chosen sensitivity limits, surveys with
sub-arcsecond resolution but lower surface brightness sensitivity
may only detect the brighter hotspot and core components. This
resembles a ‘double-double’ radio galaxy, a morphology which is
typically attributed to restarted sources (e.g. Schoenmakers et al.
2000; Nandi & Saikia 2012). Genuine restarted radio sources are
typically identified using a combination of double-double mor-
phology, spectral curvature, and high core prominence (e.g. Jurlin
et al. 2020).

The synchrotron radio spectrum for the n400-Q44 source
expanding into a cluster environment is resolved into contribu-
tions from the ‘inner’ and ‘outer’ lobe pairs (Figure 10, upper
right). The spectrum of the inner double flattens at low (� 500
MHz) frequencies, typical of a CSS source. The outer lobe pair
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Figure 10. First column: Midplane density slice for simulations n400-Q44 (at t= 3.5 Myr, top row) and n400-Q44-group (at t= 3.0 Myr, bottom row). Second column: Synthetic
surface brightness at a redshift of z= 0.05. Red contours represent emission detected by LOFAR at 150MHz, with a beamFWHMof 5 arcsec (corresponding to 5 kpc at this redshift).
Contours are at 0.1 (cf. 5σ sensitivity fromLoTSS; Shimwell et al. 2017), 10, and 100mJybeam−1. The colourbar represents emissiondetectedby eMERLINat anobserving frequency
of 1.4 GHz. A beam FWHM of 0.3 arcsec is assumed, and Gaussian noise has been added to the image with rms= 70µJy beam−1 (cf. median rms from LeMMINGs; Baldi et al. 2018).
Third and fourth columns: Synthetic surface brightness detected by eMERLIN at redshifts of z= 0.5 and z= 3, respectively. LOFAR contours are not included as the beam FWHM
corresponds to approximately 31 and 40 kpc at these redshifts, and hence the sources are unresolved. Fifth column: Synchrotron radio spectra for the entire source at a redshift
of z= 0.05 (red), the inner lobe pair (r< 5 kpc, blue), and the outer lobe pair (r> 5 kpc, cyan). Spectra are calculated assuming infinite sensitivity at all frequencies.

has a steep spectrum, characteristic of an extended radio source.
The absence of high-frequency spectral curvature for the outer
lobe pair is consistent with a relatively short-lived remnant phase –
the break frequency is a function of source age and lobe magnetic
field (e.g. Brienza et al. 2020), and is expected to lie well above the
range of observing frequencies for this source. The curvature of
the overall spectrum is due to the relative contributions from each
of the lobe pairs, which in turn depends on the surrounding envi-
ronment. Approximately 20% of the total 1.4 GHz emission from
this source is from the inner double (see Section 5.2), with can-
didate restarted sources typically selected if this fraction is above
10% (cf. Jurlin et al. 2020).

Alternatively, if the source is expanding into a steeper large-
scale environment (n400-Q44-group, shown in the bottom row
in Figure 10), particularly if the source is highly asymmetric due
to interactions within the host galaxy (Section 4), a different

morphology may be observed. At redshifts of z = 0.5 and z = 3,
eMERLIN detects two main structures – continuous emission
from the host galaxy/inner double and southern lobe, and very
faintly connected emission from the northern lobe. Depending on
the survey surface brightness sensitivity, or the location of ran-
dom noise in the image, it may be difficult to conclusively associate
the emission from the northern lobe with the rest of the source. If
this were the case, this source may be misclassified as a head-tail
source with an unconnected northern component, with the mor-
phology caused by lobe asymmetries and the diffuse large-scale
environment. The degree of any misclassification will depend on
the relative brightness of the connecting bridge, with this differ-
ence becoming particularly prominent at a redshift of z = 3; this
is further quantified in Appendix B, Figure B1. The synchrotron
radio spectrum of this source (n400-Q44-group) is similar to that
expanding into a large-scale cluster environment (n400-Q44), but
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Figure 11. Core prominence, defined as P1.4~GHz(r< 2.5 kpc)/P1.4~GHz(whole source), for
our simulations as a function of their total source size.

with the luminosity of the outer lobe pair lower by a factor of
two. This results in a greater contribution to the total emission
from the inner lobe pair, increasing both the core prominence (see
Section 5.2) and the overall spectral curvature.

While the simulations performed in this work are idealised,
with no cluster-scale environment asymmetries or winds included,
we expect the general results to hold on the range of spatial scales
considered in this work, potentially even heightened for differ-
ent combinations of jet and environment properties. For example,
a low-power jet (e.g. n400-Q43) will produce lower luminosity
extended emission – if this falls below survey sensitivity limits, the
source may be detected as a compact/galaxy-scale structure even
though jet material has reached much larger distances. In fact, for
jet material extending to a total source size of 25 kpc, lobe emission
is so faint for the low-power source that any emission from outside
the host galaxy (� 5 kpc) is only just detected by eMERLIN, even
at a redshift of z = 0.05, resulting in heightened core prominence
values despite the continuous activity of the source.

5.2 Environment effects

The core prominence (CP), defined here as the fraction of the total
1.4 GHz radio power from within the host galaxy (r< 2.5 kpc), is
frequently invoked to associate core emission as part of a more
recent outburst than the extended emission, and to classify rem-
nant radio galaxies (e.g. Hardcastle et al. 2016; Brienza et al. 2017;
Jurlin et al. 2020). We examine the contributions of emission from
the host galaxy to the total emission in Figure 11 for each simu-
lated source. This value is strongly related to the ratio of the host
galaxy density to that of the larger scale environment; we note that
the host galaxy dominates the total emission for our simulations
at sizes below 15 kpc.

For the same large-scale cluster environment (i.e. n400-Q44,
n150-Q44, and n400-Q44-noclouds), brighter core emission is
associated with higher density clouds in the inner regions of the
galaxy. This is due to two main contributing factors: (i) individual
high density clouds cause splitting or branching of the jet, result-
ing in multiple sites of shock acceleration within the host galaxy,
with emitting particles distributed over a much wider region; and
(ii) since the source takes longer to expand through a denser ISM,
more energy has been injected by the jet for the same source size.
Both of these factors are clearest for simulation n400-Q43 (low
jet power), since this source experiences slower source expansion
and has a greater density contrast between jet and cloud material

than higher-power sources, resulting in the jet being more eas-
ily deflected through low-density channels. The observed increase
in core prominence for the low-power jet at source sizes above
15 kpc is due to the combination of decreasing lobe brightness
caused by volume expansion and adiabatic losses, and increasing
core brightness due to continued lateral expansion of the jet within
the galaxy.

As distance from the jet axis increases, we find that there is a
decrease in the shock age of particles outside the jet channel. That
is to say, the most recently shocked particles are located furthest
from this axis where they are interacting with dense clouds. Older
particles tend to ‘bunch up’ behind this region, with the oldest par-
ticles experiencing little direct interaction with their surroundings.
We also find that there is a corresponding increase in luminosity
as the jet first impacts a particularly dense cloud (such as those
investigated in Section 4.1), so we expect a greater contribution to
the overall luminosity from within the host galaxy while the jet is
still branching out and interacting with new dense clouds.

For the same host galaxy but different large-scale environment
(i.e., n400-Q44 and n400-Q44-group), the lower density large-
scale group environment results in fainter lobe emission, and thus
a higher fraction of the total emission will be from within the host
galaxy. This also results in greater curvature of the synchrotron
radio spectrum, since the free-free absorbed host galaxy emission
is more dominant (see Figure 10).

The range of core prominence values here are significantly
higher than those observed for 100-kpc scale active or remnant
sources. Active sources are typically observed with a core promi-
nence of ∼0.001–0.1 (de Ruiter et al. 1990; Mullin, Riley, &
Hardcastle 2008), while remnant sources have CP � 10−3 (e.g.
Hardcastle et al. 2016; Brienza et al. 2017). Restarted sources,
meanwhile, generally have high core prominence values (CP> 0.1;
Jurlin et al. 2020). The relatively high core prominence values of
our simulated radio galaxies are due to the young ages of the sim-
ulated sources, which have not yet inflated luminous, large-scale
lobes.

6. Dependence of radio spectra on jet and environment
properties

The impact of free-free absorption (FFA) on the synchrotron radio
spectrum depends on the properties of the host galaxy environ-
ment. Figure 12 shows the synchrotron radio spectra for each of
the n400-Q44, n150-Q44, and n400-Q43 simulations at a range
of source sizes. As each source grows, the peak in the spectrum
shifts to lower frequencies. This is qualitatively consistent with the
observed trend of O’Dea & Baum (1997), who found an inverse
correlation between turnover frequency (νp) and linear source size
(LS) for GPS and CSS sources, with νp ∝ LS−0.65. The effects of
ISM density (Section 6.1) and jet power (Section 6.2) on the evo-
lution of turnover frequency with source size are discussed in the
following subsections.

We also highlight the low-frequency upturn in the spectra
of simulation n150-Q44 while the source is still within the host
galaxy. These spectra are remarkably similar to those identified by
(Callingham et al. 2017, see their Figure 10), with convex spec-
tra suggested as another signpost of multiple epochs of AGN
activity. We propose that this may instead be due to the partial
screening of the jets by the absorbing clouds, with our spectra rep-
resenting a combination of a free-free absorbed component which
dominates at higher frequencies and an optically thin component
which dominates at frequencies below the turnover.
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Figure 12. Example synchrotron radio spectra for (L-R) n400-Q44, n150-Q44, and n400-Q43 simulations. Spectra are shown for total source sizes of 1.5, 3, 4.5, and 7 kpc.

Figure 13. Evolution of (rest-frame) peak frequency with source size for simulations
with different ISM densities (top, n400-Q44 and n150-Q44) and jet powers (bottom,
n400-Q44 and n400-Q43). Shaded regions represent uncertainty in peak frequency val-
ues. Blue points represent the data of O’Dea & Baum (1997) and Jeyakumar (2016),
coloured by source redshift. Simulation source sizes have been reduced by a factor of√
3 to account for projection effects for a source at the median viewing angle.

6.1 ISM density

For the same source size, a lower density host galaxy environment
results in the turnover shifting to lower frequencies. The free-free
optical depth, τν , is proportional to the amount of absorbingmate-
rial along each line of sight to the source (see equations 8 and 9).
Since there is less absorbing material along a given line of sight
to the source for n150-Q44, signatures of FFA have disappeared

almost entirely by the time the source has expanded past the edges
of the host galaxy (LS� 5 kpc).

The trends across the simulated source lifetimes are shown
in Figure 13, with the shaded regions representing the uncer-
tainty in modelled peak frequency values, fitted using the model
of Callingham et al. (2015). For all source sizes which exhibit a
turnover in the synchrotron radio spectrum, the peak frequency is
lower for the low ISM density simulation. This is consistent with
the results of Bicknell et al. (2018), who investigated this effect for
densities ranging from 150–2 000 cm−3.

Figure 13 shows that our simulated jets, particularly those with
a dense ISM (n400-Q44 and n400-Q43), lie towards the higher-
frequency end of the observational data from O’Dea & Baum
(1997) and Jeyakumar (2016). This suggests that an ISM density
of 150 cm−3 is perhaps more representative of the environments
surrounding observed sources than higher densities, however this
relationship is likely to also depend on the scales over which the
clouds are distributed. The maximum extent of clouds encoun-
tered by each jet in our simulations is 2.5 kpc; this limits the largest
source sizes showing a free-free turnover to a few kpc, well below
the largest sizes of observed peaked-spectrum sources. Larger
simulated sources with FFA signatures will be possible for more
realistic gas–jet geometries, such as jets which are inclined with
respect to the galactic disk (e.g. Mukherjee et al. 2018). We defer
detailed analysis of alternative cloud distributions to future work.
We note that the simulations which have the same average ISM
density but a different arrangement of dense clouds (i.e., n400-
Q44-xaxis and n400-Q44-yaxis) evolve in the same way through
νp–LS phase space.

6.2 Jet power

Despite some differences in how the low-power jet interacts with
the clouds in its vicinity (see Section 4.1), the behaviour of the peak
frequency with source size is similar for the n400-Q44 and n400-
Q43 simulations. Due to the lower energy being injected via the
jet, we expect this source to consistently have a lower luminosity
than its high-power counterpart (as seen in Figure 2), resulting
in a downward shift in normalisation of the synchrotron radio
spectrum. The free-free absorption coefficient is dependent on
environment properties such as electron density and temperature,
and the frequency of emission being absorbed. There is no explicit
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dependence of the free-free absorption coefficient on the proper-
ties of the jet, hence the turnover frequency and general shape of
the spectrum do not change with jet power.

The evolution of n400-Q44 and n400-Q43 through ν p–LS
phase space are consistent within spectral fitting uncertainties
(Figure 13). This result is in broad agreement with the simulations
of Bicknell et al. (2018), although these authors did not explicitly
mention the lack of dependence on jet power in their work. This
provides a potential method of ‘weighing’ the ISM surrounding a
young radio source: if the source size and rest frame turnover fre-
quency can be measured for a given source, the jet power does not
need to be known to make an estimate of the central gas density.

7. Conclusions

In this paper, we have investigated the role of galactic and larger-
scale environment properties on the evolution of young radio
sources. We performed hydrodynamic simulations of AGN jets
interacting with a dense multiphase ISM and a larger-scale dif-
fuse environment which, for the first time, include both free-free
absorption and a semi-analytic treatment of full radiative and adi-
abatic losses of synchrotron-emitting electrons. Our main results
are as follows:

(i) Asymmetries in both lobe length and synchrotron bright-
ness develop due to ISM inhomogeneities. Jet–cloud inter-
actions are influenced both by the mass and density of
individual clouds, and the ram pressure of the jet upon
impact. The magnitude of the asymmetries depends on
how much the jet and counterjet are held up by individual
clouds before reaching the edge of the host galaxy.

(ii) Asymmetries developed in the galaxy persist to greater
radii in rapidly declining large-scale environments such as
poor groups, than in rich environments such as clusters.

(iii) Morphology of young radio sources may depend on res-
olution and surface brightness sensitivity of observations.
Specifically, apparent ‘double-double’ radio morphologies
may be produced without any jet intermittency.

(iv) The fraction of total radio emission from the core depends
on the relative densities of the host galaxy and circum-
galactic gas. For the same large-scale environment and
jet power, higher ISM density results in branching of the
jet, producing multiple sites of shock acceleration within
the host galaxy and a brighter core. Low density larger-
scale environments produce lobes of lower luminosity,
also increasing core prominence.

(v) The young active sources (LS � 60 kpc) examined in our
work exhibit core prominence values above the cutoff typ-
ically used to classify restarted radio sources (CP > 0.1).
We propose that additional remnant/restarted source clas-
sification metrics be applied in conjunction with core
prominence to robustly classify these objects.

(vi) At a fixed source size, the peak frequency is lower for a
lower density ISM. Because peak frequency is indepen-
dent of jet power, radio spectra towards free-free absorbed
sources may provide a newmethod formeasuring the ISM.
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Appendix A. Jet–cloud interactions – individual clouds

We present midplane density slices for the two dense clouds
discussed in Section 4.1. The upper row of Figure A1
shows the ‘northern’ dense cloud, located at (x, y, z)=

Figure A1. Midplane density slices in the xz (left), yz (middle), and xy (right) planes for the northern (top row) and southern (bottom row) clouds at t= 0, overlaidwith a jet cylinder
of radius 0.1 kpc.
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(− 0.015, 0.005, 1.075) kpc. The jet cylinder is highlighted in
white, with the jet travelling from bottom to top in the left and
middle panels. The second row of Figure A1 shows the ‘southern’
dense cloud, located at (x, y, z)= (− 0.025, 0.015,−1.445) kpc.
The jet travels from top to bottom in the left and middle panels.
The northern cloud occupies a larger fraction of the jet cylinder,
but has a lower peak density.

Appendix B. Misclassification of active sources – brightness
of connecting features

In Section 5, we discussed the potential misclassification of young
radio sources depending on the relative surface brightness of the
bright components (such as the core and hotspots) compared to
that of the faint bridge of emission connecting them. In Figure B1,
we quantify this difference for the sources shown in Figure 10 by
plotting the surface brightness along the jet axis (x= 0). At red-
shifts of 0.05 and 0.5, all emission above the noise level lies above
the detection limit of 0.1 mJy beam−1, representative of the sen-
sitivity of eMERLIN (Baldi et al. 2018). For the source expanding
into a large-scale group environment at z = 0.5, the bridge con-
necting the core and the northern (z > 0 kpc) hotspot has surface
brightness comparable to five times the rms noise level (∼ 0.35
mJy beam−1). By contrast, at a redshift of 3, all of the connecting
features drop below this level, with the separation between ‘bright’
features reaching approximately 15 kpc. Hence at z = 3 this source
is likely to be identified as a collection of distinct components,
rather than as a single structure.

Figure B1. Surface brightness along the jet axis (x= 0) for the sources shown in
Figure 10 at redshifts of z= 0.05 (top), z= 0.5 (middle), and z= 3 (bottom). The black
dashed line is at five times the rms noise placed on the surface brightness images,
with rms= 70µJy beam−1 (cf. median rms from LeMMINGs; Baldi et al. 2018). The grey
shaded region represents features below the chosen sensitivity of 0.1 mJy beam−1.
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