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Realistic simulations of relativistic jets
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Abstract. We perform realistic 3D relativistic magnetohydrodynamic simulations of jets from
super-massive blackholes. We employ the newly developed Lagrangian Particle module to si-
multaneously evolve spatial and spectral evolution of relativistic non-thermal electrons that
produce synchrotron emission. Our simulations enable us to accurately predict the emission
properties and the impact on observables due to variation in jet fluid and onset of jet instabili-
ties.

1. Introduction

Supermassive blackholes in the centres of
galaxies can launch powerful relativistic jets
that grow to very large sizes, potentially affect-
ing the evolution of the galaxy and its environ-
ment (Fabian 2012). Emission from relativis-
tic jets is primarily dominated by synchrotron
processes from relativistic electrons inside the
jet and its cocoon (Worrall and Birkinshaw
2006). The synchrotron emission is dependent
on both the strength and morphology of mag-
netic field distribution and the evolution of
the non-thermal relativistic electron popula-
tions. In standard analytical theory of emis-
sion from jets(e.g. Pacholczyk 1970; Jaffe and
Perola 1973), the evolution of the non-thermal
electrons is often approximated with an aver-
age evolution of the electron spectra experi-
encing average magnetic fields in the cocoon.
Such treatments cannot account for the local
inhomogeneties in the magnetic field distribu-
tion expected to arise in turbulent jet cocoons
due to MHD instabilities, as well as the time

evolution of the fluid quantities. Additionally,
the most important flaw of these methods is as-
suming a single shock structure, at the jet head,
where the electrons are assumed to be acceler-
ated. The accelerated spectra are often set with-
out explicit input from realistic shock accelera-
tion results. All of these assumptions render the
modelling of the emission from relativistic jets
to be dependent on highly uncertain approxi-
mate parameters.

Recent works (such as Mimica et al. 2004;
Mimica and Aloy 2012; Turner and Shabala
2015) have resorted to semi-analytic modelling
of the evolution of the electron spectra, embed-
ding them in a fluid flow as a post-process step
of a fluid simulation. These though indicative
of results from a realistic system, do not self-
consistently solve for the evolution of the elec-
trons distribution, as the fluid parameters them-
selves change in a dynamic system. In a recent
development (Vaidya et al. 2018), a new nu-
merical module (the Lagrangian Particle mod-
ule) has been implemented in the PLUTO
MHD code that models the evolution of non-
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thermal electrons inside the simulation do-
main in real time (as opposed to post-process),
duly accounting for the radiative energy losses
as well as acceleration at shocks, following
the principles of diffusive shock acceleration.
We have utilised this novel approach to seed
macroparticles within the jet, at every time
step of the simulation, to represent the injec-
tion of non-thermal electrons by a jet. The
macro-particles (which hereafter we refer to
as Cosmic Ray Electrons or CREs) represent
a collection of non-thermal electrons with a
spectral distribution. We have carried out a
suite of simulations with different jet proper-
ties, using this module, which for the first time
enables us to study self-consistently study the
spatial and spectral evolution of CREs in a re-
alistic simulation of a relativistic jet from a
super-massive blackhole.

2. Numerical setup

2.1. Fluid setup

We solve the equations of relativistic mag-
netohydrodynamics to simulate the evolution
of a relativistic jet evolving into an ambi-
ent medium. The details of the simulation set
up has been described in (Mukherjee et al.
2020), which we briefly summarise here. The
jet is launched from an internal injection zone,
within the domain of the simulation box. The
jet pressure is set to be in equilibrium with the
pressure of the ambient medium at the same
height, except for simulation G, where the jet is
over-pressured. The jet density is set to be frac-
tion of the ambient density. The velocity and
density contrast are set differently for different
simulations to explore the dynamics and evolu-
tion for a varied range of jet powers. The jet is
injected into an ambient medium that is kept in
hydrostatic equilibrium with an external static
gravitational field. A toroidal magnetic field is
injected with the jet. The strength of the field
is determined by considering the jet Poynting
flux to be a fraction (jet magnetisation) of the
relativistic enthalpy flux of the jet.

The simulations are performed with the
PLUTO code (Mignone et al. 2007), using
a HLLD Riemann solver (Mignone et al.

2009) to solve the relativistic magneto-
hydrodyanamic equations. We employ a sec-
ond order Runge-Kutta time stepping for the
temporal evolution of the equations. The fluxes
are reconstructed using a third order parabolic
interpolation scheme (PPM as in Colella and
Woodward 1984). The simulation is performed
in a Cartesian coordinate system, in a compu-
tation domain of physical dimensions of 2.5 ×
2.5 × 9 kilo parsecs (kpc) for a typical simu-
lation. The resolution of the simulation is set
at 15 pc. The detailed list of the parameters
for various simulations have been presented in
Table 1 of Mukherjee et al. (2020).

2.2. Particle setup

The CRE macro-particles are injected in the
simulation domain above the injection region
of the jet, along the Z axis.Two CRE particles
are injected in each computational cell cell for
better spatial sampling of the jet cocoon. The
CREs have an initially steep power-law spec-
trum (α1 = 9) and with Lorentz factors in the
range (γmin, γmax) ≡ (102, 106) as:

N(E) = nm


1 − α1

E1−α1
max − E1−α1

min

 E−α1 (1)

The injected CREs are accelerated at
shocks to a new spectrum whose nature is
given by the predictions of diffusive shock ac-
celeration (DSA) theory, as outlined in detail
in Vaidya et al. (2018). The spectrum of the
pre-shock CRE is convolved with the DSA
predicted power-law spectrum to get the final
spectrum of a CRE as it exits a shock. The nor-
malisation of the spectrum is set by enforcing
CRE energy to be a fraction of the fluid inter-
nal energy (equipartition), which we take to be
0.1 for this work. The spectra of CREs not in
a shock are duly updated to account for energy
losses due to radiative processes such as syn-
chrotron emission and inverse Compton inter-
action with CMB photons.

3. Results

As the CREs are advected with the jet flow,
they are shocked within the jet at sites of rec-
ollimation shocks. This can be identified in
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Table 1. List of simulations and parameters

Sim. Lorentz factor Magnetisation Jet power No. Particlesa

label (in erg s−1) (×106)
Bb 3 0.1 2 × 1044 16.4
D 5 0.01 1.1 × 1045 6.5
E 5 0.05 1.2 × 1045 18.0
F 5 0.1 1.2 × 1045 3.2
G 6 0.2 8.3 × 1045 14.9
H 10 0.2 1.6 × 1046 9.8
J 10 0.1 1.5 × 1046 55.3

a The total number of particles injected during the course of the simulation.
b The density contrast defined as the ratio of the jet density to ambient gas is 4 × 10−5. For all other cases,
the value is η = 10−4

Fig. 1. Left and Middle: Density in the Y −Z plane for simulation H. CREs with colors representing γmax,
the highest Lorentz factor of the CRE spectrum, are over-plotted on the density maps. The plot clearly shows
newly accelerated CREs with high γmax inside the jet, at regions where recollimation shocks converge.
Right: Trajectories of 4 CREs that have undergone multiple shock encounters. The CREs are chosen to be
ones that have undergone highest number of shock crossings at a given height.

Fig. 1, where the maximum Lorentz factor
(γmax) of each CRE in the Y − Z plane has
been over-plotted on the density map of the
jet. Small islands of high γmax within the jet
spine are indicative of locations where CREs
have recently exited a recolliamation shock.
The jet spine is generally filled with freshly
shocked energetic CREs. As the CREs cross
the tip of the bow shock at the jet head, they
are re-accelerated to high energies (denoted by
the reddish patch near the jet-head).

Subsequently, the electrons stream down
the backflow into the cocoon. This can be seen
from the trajectories of some of the selected
CREs, presented in the right panel of Fig. 1.
The trajectories show the standard evolution-
ary picture of CREs, whereby they initially
travel along the jet axis and undergo some ac-
celeration due to recollimation shocks. They
leave the jet axis after encountering the bow
shock at the jet-head and flow back down along
with the backflow in the cocoon. Some of the
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CREs (P2 and P4) are shocked multiple times
at the jet-head itself due to complex shock
structures. Some CREs (P3 and P4) encounter
further shocks inside the cocoon after exiting
the jet, due to internal fluid turbulence in the
cocoon.

The backflow is primarily filled with cool-
ing electrons which have lost energy due to ra-
diative losses, denoted by the bluish color of
CRE particles in the jet cocoon in the left and
middle panels of Fig. 1. However, at late times,
weak internal shocks can occur inside the co-
coon due to turbulent motions of the backflow
in the jet cocoon. These internal shocks can
further accelerate the CREs, as can be seen
from the some energetic CREs in the jet co-
coon, shown in the middle panel of Fig. 1.

We find that the evolution of the CRE spec-
trum strongly depend on the nature fluid insta-
bilities that may be triggered as the jet evolves
with different initial parameters. Strongly mag-
netised jets can develop kink instabilities that
can create complex structures of the termi-
nal shock. As CREs reach such a terminal
shock and pass through them, they will be re-
accelerated over an extended spatial scale. As
the jet head moves over a wide solid angle due
to the helical motions induced by the kink in-
stabilities, shocked CREs are distributed over
the jet cocoon. Such instabilities usually de-
celerate the jet, with the effect of filling the
jet cocoon with highly energetic CREs that
have been accelerated at the extended terminal
shock.

Jets suffering from Kelvin Helmholtz insta-
bilities on the other hand will create internal
shocks inside the cocoon, instead of a complex
terminal shock. CREs that travel back down-
wards with the backflow, are trapped inside the
turbulent shock structures inside the cocoon,
where they undergo multiple shock crossings.
Thus CREs can be re-accelerated inside the co-
coon, at sites of internal shocks (as shown in
Fig. 1). This is well demonstrated in our sim-
ulations, which though conjectured, have not
been demonstrated before. Such internal re-
acceleration of the CREs have significant im-
plications on the standard cooling models of
electrons, which are widely used in the ob-

servational community to estimate the spectral
ages of relativistic jets (Murgia et al. 1999).

The self-consistently evolved CRE spectra
allow us to create maps of synchrotron sur-
face brightness expected from such systems, as
shown in Fig. 2. The emission at 1.4 Ghz, in the
top panel of Fig. 2 shows the bright hostspot at
the top, where the jet strongly interacts with
the ambient medium, as is typical of Fanaroff-
Riley II jets (Fanaroff and Riley 1974). The
polarisation vectors show ordered, longitudi-
nal orientation in the central regions, indicating
a dominant toroidal magnetic field, due to the
toroidal field injected at the jet flow inlet. The
polarisation vectors in the cocoon are primar-
ily laterally oriented, implying a longitudinal
field in the backflow. This is expected, as the
injected toroidal field is stretched to longitudi-
nal structures in the backflow. The emission at
1.4 Ghz is more volume filling than the one in
15 GHz, with nearly homogeneous (on an av-
erage) emission in the cocoon, except for the
jet head with the hotspot. At higher frequen-
cies on the other hand, the jet axis is clearly
discernible, as longitudinal structure from ∼
0.2 − 4 kpc. This is because the, cocoon hosts
primarily older particles with lower maximum
energy due to radiative losses. Hence they con-
tribute minimally to emission at higher fre-
quencies, except from the jet axis where par-
ticles are strongly energised at recollimation
shocks. At lower frequencies, the decay rate
being lower, particles from the cocoon also
contribute to the emission map, resulting in a
nearly homogeneous volume filling cocoon.

4. Publications

The results have been obtained thanks to the
time allocation through the INAF-CINECA
MoU. The simulations are very computation-
ally demanding, due to the hybrid particle-fluid
schemes. However, thanks to the available re-
sources, we are for the first time able to explore
realistic simulations of relativistic jets, which
have better conformity with observed results,
than any previous work. The results from this
project is expected to yield several publica-
tions, of which the first has been published, and
the rest are in preparation, as listed below:
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Fig. 2. Top: Morphology of synchrotron emission at 1.4 GHz for simulation G , in normalised units of
surface brightness. The black vectors represent the direction of electric field projected on the plane of
observation, showing the polarisation of the emission. The length of the vectors are adjusted to represent
the fractional polarisation. Bottom: The synchrotron surface brightness at 15 GHz.
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