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Dynamics of relativistic magnetized jets
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Abstract. We investigate the propagation of relativistic magnetized jets in a stratified ambent
medium. We find that the possible growth of different kind of instabilities brings to different
morphological and dynamical properties of the jets. In particular, we find that lower power
jets with strong magnetization are susceptibles to current-driven kink instabilities, that result
in substantial bending of the jet head. In simulations with lower magnetization, velocity shear
driven Kelvin-Helmholtz instabilities lead to a higher level of turbulence, with a substantial
deceleration of the jet head advance velocity. Higher power jets are instead more stable, with
more elongated cocoon morphologies.

1. Introduction

Relativistic jets play an important role in
galaxy evolution (Fabian 2012), they can in
fact deposit energy over a large range of spatial
scales, from the galactic core to the intergalac-
tic medium (Morganti et al. 2013; Mukherjee
et al. 2017). Understanding the evolution and
dynamics of such jets is thus of fundamen-
tal importance for following galaxy evolution
over cosmic time and requires high resolution
relativisic magnetohydrodynamic simulations.
These jets are observable over all the elec-
tromagnetic spectrum through their non ther-
mal emission, either synchrotron or inverse-
Compton. From the computational point of
view, coupling the study of the large scale jet
dynamics with the analysis of the emission
properties is an extremely challenging task,
since the different phenomena involve a huge
range of spatial scales. Recently we have de-
veloped a new module in the PLUTO code
(Vaidya et al. 2018), from which it is possible
to compute the radiative properties of jets, by

treating the evolution of the population of non-
thermal particles by a sub-grid approach. We
then initiated a systematic study of the prop-
erties, both dynamical and radiative, of high
power jets. In this report we describe the first
set of simulations, that are mainly focused on
the dynamics.

2. Numerical setup

We investigate the propagation of relativistic
magnetised jets in a stratified ambient medium.
The relevant equations to be solved are the
relativistic magnetohydrodynamic (RMHD)
equations in a constant Minkowski metric for
special relativistic flows. We assume a single-
species relativistic perfect fluid (the Synge gas)
described by the approximated Taub-Matthews
equation of state (Mignone et al. 2005). The
stratified ambient medium is maintained in hy-
drostatic equilibrium by an external gravita-
tional potential. We take a Hernquist poten-
tial (Hernquist 1990) to represent the contri-
bution of the stellar (baryonic) component of
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the galaxy, while the contribution of the dark
matter component to the gravitational potential
is modelled by a NFW profile (Navarro et al.
1996). No magnetic field is present in the ini-
tial configuration at t = 0 and a toroidal mag-
netic field is injected along with the jets. The
equations are solved in a 3D Cartesian geom-
etry with the z axis pointing along the jet di-
rection. The resolution is such that we cover
the jet radius with 10 grid points. We also fol-
lowed the evolution of a passive tracer, initially
set to one in the jet and zero outside, in order
to follow the distribution of the jet material and
its mixing with the external medium.

We perform the simulations with the
PLUTO code (Mignone et al. 2007) em-
ploying the piece-wise parabolic reconstruc-
tion scheme with a second-order Runge-Kutta
method for time integration and the HLLD
Riemann solver (Mignone et al. 2009). The jet
is injected along both positive and negative z
axis from an injection region centred at (0, 0,
0). The computational box has a short exten-
sion of 1̃ kpc along the negative z axis. This
avoids the use of a reflecting boundary condi-
tion, which may result in spurious features at
the lower boundary. At all the boundaries we
impose outflow boundary conditions.

The parameters defining the jet are the den-
sity contrast η between the jet and ambient
density, the pressure contrast ζp between jet
and ambient pressure, the jet Lorentz factor
γ, the jet magnetization σ defined as the ra-
tio of the Poynting flux to the jet enthalpy flux.
All these parameters are defined at the injec-
tion point. The main parameters, the physical
size of the computational box and the num-
ber of grid points for all the simulations are
listed in Table 1. In the table we also show
the jet power that can be derived by choos-
ing a value for the jet radius and the ambient
density at the injection point. We assume the
jet radius to be r j = 100pc in all cases ex-
cept case G, H and J, where r j = 200pc. The
number density of the ambient gas is nh(rin j) =

0.1 cm−3 in all cases except for simulation I,
where nh(rin j) = 1 cm−3. Part of these simula-
tions have been performed with the time allo-
cation for the project described in this report,
the rest has been performed with subsequent

time allocations, that will be reported in the fu-
ture.

3. Results

With this project we analysed the dynam-
ics and evolution of relativistic jets with
different initial starting parameters evolving
into a hydrostatic atmosphere. We demon-
strate that, depending on the jet parame-
ters, the jet evolution is significantly affected
by different MHD instabilities (Bodo et al.
1989; Mignone et al. 2010; Bodo et al. 2013;
Mignone et al. 2013; Mizuno et al. 2014;
Bromberg & Tchekhovskoy 2016; Bodo et al.
2019). The type of instabilities can be broadly
grouped into two categories based on jet mag-
netisation and power. Low power jets, with
stronger magnetizations, are susceptible to cur-
rent driven kink instabilities, that result in sub-
stantial bending of the jet head. In simula-
tions with lower magnetization, velocity shear
driven Kelvin-Helmholtz (KH) modes lead to
a higher level of turbulence both close to the
jet axis and in the cocoon. Such KH modes are
disruptive and result in substantial deceleration
of the jet with a decollimation of the jet axis.
The difference between the effects of the two
kinds of instabilities is shown in Fig. 1, where
we show a 3D volume rendering of the veloc-
ity and of the density for cases A and B, re-
spectively with low and high magnetizations.
We see that in case A (left panel), subject to
KH modes, the jet progressively decollimates,
while in case B (right panel), subject to kink
modes, the jet keeps its collimation, but shows
signs of strong bending. In Fig. 2 we show a cut
(in the X − Z plane) of the density distribution
for case J, that has higher power with respect
to the previous cases. From the figure we can
see that this jet shows very weak signs of insta-
bilities. In Fig. 3 we show cross-sections of the
jet tracer distribution for different simulations,
at the same height of 4 kpc. In the top row
we have cases with low magnetization, while
the bottom row shows cases with high mag-
netization; going from left to right, the simu-
lations have an increase of the jet power and
Lorentz factor. The figure displays clearly the
role of magnetic field and instabilities in deter-
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Fig. 1. 3D volume rendering of the velocity in orange-blue palette with the density of the jet and cocoon in
the red-green palette for simulations A (left) and B (right). The magnetic field vectors are plotted in magenta
with their length scaled to their magnitude.

Fig. 2. Cross-section of the jet tracer at a height of 4 kpc for different simulations. The blue and black
contour represent jet tracer levels of 0.8 and 0.1 respectively. The top panels depict simulations where the
jets are unstable to Kelvin-Helmholtz modes due to either lower magnetisation (sim. A and D) or higher
pressure (sim. G), resulting in wider cross-section of the jet. Lower panels are jets where KH modes have
lower growth rates with more compact jet core. Jets with stronger magnetisation have more collimated jet
spine.
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Table 1. List of simulations and parameters

Sim. Phys. domain Grid point η j γb σB P j M j

(kpc) (ergs−1)
A 4.5 × 4.5 × 10 288 × 288 × 640 4 × 10−5 3 0.01 1.57 × 1044 11.5
B 4.5 × 4.5 × 10 288 × 288 × 640 4 × 10−5 3 0.1 1.65 × 1044 11.5
C 4.5 × 4.5 × 10 288 × 288 × 640 4 × 10−5 3 0.2 1.73 × 1044 11.5
D 4.5 × 4.5 × 10 288 × 288 × 640 1 × 10−4 5 0.01 1.11 × 1045 30.9
Ea 6 × 6 × 18 384 × 384 × 1152 1 × 10−4 5 0.05 1.15 × 1045 30.9
F 4.5 × 4.5 × 10 288 × 288 × 640 1 × 10−4 5 0.1 1.17 × 1045 30.9
Gb 4.5 × 4.5 × 10 288 × 288 × 640 1 × 10−4 6 0.2 8.29 × 1045 17.49
H 4.5 × 4.5 × 10 288 × 288 × 640 1 × 10−4 10 0.2 1.64 × 1046 62.77
Ic 4.5 × 4.5 × 10 288 × 288 × 640 1 × 10−4 5 0.1 1.17 × 1046 30.9
J 6 × 6 × 40 384 × 384 × 2560 1 × 10−4 10 0.1 1.51 × 1046 62.77

a Simulation E is a two sided jet with the injection zone located at the centre of the domain.
b over-pressured jet ζp = 5. For the rest ζp = 1.
c nh(rinj) = 1 cm−3. For other simulation nh(rinj) = 0.1 cm−3.

Fig. 3. Density distribution in the X − Z plane for simulation J.

mining the mixing properties for the different
cases. The inner blue contour is for a value of
the tracer equal to 0.8, therefore it represents
the interface between the jet and the cocoon.
We can see that, in the top row, the contours
are more deformed than in the bottom row, in
particular cases A (top left panel) and D (top
middle panel) show very corrugated contours.
This is indicative of the development of high
m KH modes that favours mixing between jet
and cocoon. The cases in the bottom row have a
higher magnetization and the magnetic tension
associated with the toroidal component of the
magnetic field opposes the jet deformation and
stabilizes high m KH modes and, correspond-
ingly, the contours are less deformed.

The growth of instabilities has several con-
sequences on the jet dynamics. First of all it in-
duces a strong deceleration of the jet head ad-

vance speed, the shape of the cocoon is then
very different in unstable jets, that have fat-
ter cocoons, with respect to stable cases, that
present more elongated cocoons. In addition,
unstable jets tend towards a self-similar ex-
pansion where the ratio between width and
length of the cocoon stays constant in time.
Another consequence of the instabilities relates
to the magnetic field structure. Unstable cases
show a more disordered magnetic field with
smaller scale structures and this may have con-
sequences for the polarization properties of the
synchrotron emission. Jets prone to instabili-
ties have complex pressure profile at the jet
head due to the motions of the jet head, which
will result in multiple oblique shocks. This is
in contrast to the standard model of an FRII
jet with a single strong shock at the mach disc,
which is often employed to calculate emis-
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sion parameters and source ages. The complex
shock structure with varying shock stregths
will result in a wide variation of the energy
distribution of the relativistic electrons being
accelerated at these sites. Besides the stronger
shocks at the hot spot, internal weak shocks de-
velop inside the cocoon which may further ac-
celerate the electrons as they flow across such
shocks. Such multiple shock crossing will re-
sult in a variationof the resultant index of the
power-law energy distribution, which is usu-
ally assumed to have a single value at low en-
ergies.

The results have been obtained thanks to
the time allocation through the INAF-CINECA
MoU that has allowed to perform these simula-
tions that are computationally very demanding
and that necessarily require High Performance
Computing resources. The results obtained
with this project are presented in Mukherjee et
al. (2020) and a second paper is in an advanced
phase of preparation.
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