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ABSTRACT

Extragalactic radio sources appear under different morphologies, the most frequent ones are classified as Fanaroff-Riley
type I (FR I), typically with lower luminosities, and Fanaroff-Riley type II, (FR II), typically more luminous. This
simple classification, however, has many exceptions that we intend to investigate. Following previous analyses in the
three-dimensional Hydrodynamic and Magneto-Hydrodynamic limits, we extend the numerical investigation to the
Relativistic Magneto-Hydrodynamic regime, to include sources whose jet kinetic power sets in the range that separates
FR Is from FR IIs.
We consider weakly and mildly relativistic, underdense, supersonic jets that propagate in a stratified medium. In the
model, the ambient temperature increases with distance from the jet origin maintaining constant pressure. We present
three cases with low, high and intermediate kinetic luminosity that evolve into different morphologies. We find that
the resulting morphology can be highly time dependent and that, apart from the jet power, the jet-to-ambient density
ratio and the magnetization parameter play a crucial role in the jet evolution as well.

Key words. Galaxies: active – magnetohydrodynamics - relativistic processes -methods: numerical – galaxies: jets

1. Introduction

Extragalactic radio sources present variegated morpholo-
gies and in addition to the well-known Fanaroff-Riley type
I (FR I) and II (FR II) sources, other more distorted mor-
phological subclasses have been defined: sources with nar-
row angle and wide angle tails (Owen & Rudnick 1976;
Rudnick & Owen 1977) in which diffuse plumes are either
smoothly or sharply bent with respect to the initial jet di-
rection, or the so called S-, X- and Z-shaped sources, where
the distortion affects the radio lobes (see, e.g., Leahy &
Williams 1984). The origin of these morphologies can be
related to the various physical parameters describing their
jets and/or the external medium in which they expand. To
improve the general understanding of the Active Galactic
Nuclei (AGN) jet properties and to attempt to reproduce
these different morphologies by numerical simulations (see
a recent review by Komissarov & Porth (2021)), several
authors have recently examined the problem in the limit
of the hydrodynamic (HD) up to the relativistic magneto-
hydrodynamic (RMHD) extension (Smith & Donohoe 2019;
Weinberger et al. 2017; Ehlert et al. 2018; Li et al. 2018;
Davelaar et al. 2019; van der Westhuizen et al. 2019; Pe-
rucho 2020; Mignone et al. 2010; Mukherjee et al. 2020).
With this aim, Massaglia et al. (2016) (Paper I) examined
the evolution of supersonic HD jets of different power by
means of 3D simulations. They found that FR I or FR II
morphology can be obtained depending on the jet param-
eters and, in particular, on the jet power; moreover, 2D
simulations cannot capture the transition between the two

morphologies. Massaglia et al. (2019) (Paper II) extended
the analysis to MHD simulations of low power jets, showing
that, an increase in the strength of magnetic field leads to a
strong wiggling of the jet, which eventually causes its frag-
mentation with the formation of one or more strong shocks.
After these shocks the flow acquires a turbulent more dif-
fuse structure and it moves at a much lower velocity. The jet
structure observed in these simulations is indeed very rem-
iniscent of the wide angle tail (WAT) class of radio sources.

In the present paper we extend the analysis to the
RMHD regime by increasing the simulated jet velocity with
respect to Papers I and II. We examine jets with kinetic
powers that differ by about an order of magnitude across
the values that characterize the transition between FR I
and FR II sources, varying the jet-to-ambient density ra-
tio, the plasma-β parameter and the Lorentz factor and we
follow the jet temporal evolution towards a quasi steady
state. Our goal is thus to answer the questions related to
i) the role of the various parameters in determining the jet
evolution and its morphology, and ii) about the importance
of the observation epoch for classifying the object. We do
this by carrying out numerical simulations in three spatial
dimensions and exploring the parameter space mentioned
above.

The paper is organized as follows: in Section 2 we write
the RMHD equations, set the initial and boundary condi-
tions and constrain the physical parameters of the problem.
In Section 3, we present the results that are discussed in
Section 4.
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2. Problem description

2.1. Relativistic MHD equations and numerical approach

Numerical simulations are carried out by solving the equa-
tions of relativistic ideal magneto-hydrodynamics in 3D.
They are expressed by

∂t (γρ) +∇ · (γρv) = 0, (1)

∂t
(
γ2wv + E×B

)
+

∇ ·
(
γ2w vv −EE−BB + (p+ uem)I

)
= 0, (2)

∂t
(
γ2w − p+ uem

)
+∇ ·

(
γ2wv + E×B

)
= 0, (3)

∂tB +∇×E = 0 (4)

and the electric field E is provided by the ideal condition
E+v×B = 0. In this set of equations, ρ is the rest number
density, v is the velocity three-vector (in units of the light
speed c), B is the laboratory magnetic field (in units of√

4π), γ = 1/
√

1− v2, w = e + p, uem = (E2 + B2)/2,
and I is the unit 3× 3 tensor. We assume a constant Γ-law
equation of state with Γ = 5/3 being the specific heat ratio.

Eqns. (1)-(4) were solved using the ideal RMHD module
of the PLUTO code (Mignone et al. 2007), based on shock-
capturing Godunov-type methods. Equations were evolved
in conservative form with a second-order Runge-Kutta time
stepping, a linear reconstruction and the HLLD Riemann
solver (Mignone et al. 2009), constrained transport (Bal-
sara & Spicer 1999; Londrillo & del Zanna 2004) was used
to maintain the condition ∇ · B = 0. As in Papers I and
II, 3D simulations were carried out on a Cartesian domain
with coordinates in the range x ∈ [−Lx/2, Lx/2], y ∈ [0, Ly]
and z ∈ [−Lz/2, Lz/2] (lengths are expressed in units of the
jet radius). Here Lx = Lz, while we chose y as the jet prop-
agation direction. We employed a grid of Nx × Ny × Nz
zones with a uniform grid spacing along the y (axial) direc-
tion. In the transverse direction, the region x, y ∈ [−6, 6]
was covered with 100 uniform zones, while a geometrically
stretched grid was used outside this area. The actual do-
main size and grid resolution are reported in Table 1 for
the different cases discussed in this work.

2.2. Initial and boundary conditions and physical parameters

At t = 0, the domain was filled with a perfect gas at rest,
unmagnetized, and with uniform pressure, but it was spher-
ically stratified following a King-like profile:

ρ(R) =
ρc

1 + (R/rc)
α (5)

where R is the spherical radius and rc is the galactic core
radius. We set α = 1 for all cases examined except for
the case A, where we will examine the case α = 2 as well
for a comparison. We note that the assumption of uniform
pressure and a decreasing density leads to a temperature
that increases with radius. In fact, X-ray observations show

that in the galactic core the ambient temperature attains
values ∼ 0.3−1 keV and particle densities of a few particles
per cm−3, typical of the denser and cooler gas of the galactic
core (R < rc) (Balmaverde et al. 2008). When entering the
intracluster medium, R > rc, the temperatures reach values
of about 2−10 keV and densities decline down to about 10−2

particles per cm−3 (Vikhlinin et al. 2006). The behaviour
of the overall temperature profile is then quite complex,
the predominance of denser and cooler gas in the galactic
core is likely due to radiative cooling, which is stronger
in these conditions. The density profile in Eq. 5 and the
corresponding temperature profile aims to capture the main
properties of this behaviour when we assume Tc ∼ 0.2 keV
and ρc = 1 cm−3 at R = 0.

A cylindrical jet with velocity Vj , density ρj and a
purely azimuthal magnetic field was constantly injected
from the boundary at y = 0. The jet at the injection bound-
ary is in pressure equilibrium with the ambient, its config-
uration is axisymmetric and the equilibrium condition, in
cylindrical coordinates, can be written as follows:

dp

dr
= − 1

2r2
d(r2B2

φ)

dr
(6)

where r is the cylindrical radius and Bφ is the azimuthal
component of the magnetic field. We assumed the magnetic
field corresponding to a constant current inside r = a and
zero outside:

Bφ =

{
−Bmr/a, if r < a;
−Bma/r, otherwise.

(7)

In this way, in Eq. 6 the term on the left-hand side can be
integrated giving

pj = pc −B2
mmin

(
r2

a2
, 1

)
(8)

where pj is the jet gas pressure and pc is a constant. Since
we set the ambient pressure pa, it was convenient to specify
pc = pa +B2

m, thus

pj = pa +B2
m

[
1−min

(
r2

a2
, 1

)]
, (9)

and pj = pa at r = a.
The magnetic field strength Bm was obtained from the

definition of the plasma β-parameter,

β =
2pa
B2

m

. (10)

Outside the jet injection nozzle we imposed reflective
boundary conditions. As we did in Paper II, to avoid sharp
transitions, we smoothly joined the injection and reflective
boundary values in the following way:

Q(x, z, t) = Qr(x, z, t) +
Qj −Qr(x, z, t)

cosh[(r/rs)n]
(11)

where Q is any of the primitive flow variables, with the
exception of jet velocity, which was replaced by the jet
y−momentum. We note that Qr(x, z, t) are the correspond-
ing time-dependent reflected values, while Qj are the con-
stant injection values. In Eq. 11 we set rs = 1 and n = 6 for
all variables except the density, for which we chose rs = 1.4
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Table 1. Parameter set used in the numerical simulations.

Case η γj Vj M Lkin (erg s−1) α β Lx × Ly × Lz Nx ×Ny ×Nz

A1 10−3 1.005 0.1 6 7× 1042 1 0.5 80× 200× 80 228× 2000× 228

A2 10−3 1.005 0.1 6 7× 1042 2 0.5 80× 200× 80 228× 1200× 228

B 10−3 1.05 0.3 19 2× 1044 1 0.5 100× 600× 100 244× 4800× 244

C1 3× 10−4 1.05 0.3 10 6× 1043 1 0.5 100× 500× 100 244× 4000× 244

C2 3× 10−4 1.05 0.3 10 6× 1043 2 0.5 100× 500× 100 244× 4000× 244

C-RHD 3× 10−4 1.05 0.3 10 6× 1043 1 106 100× 500× 100 244× 4000× 244

Columns 2-7 correspond to the physical parameters η, γ, Vj , M , Lkin, α and β described in the text, respectively. The
last two columns give the domain size and grid resolution for each case.

and n = 8. This choice ensures monotonicity in the momen-
tum (Massaglia et al. 1996). On all the other computational
boundaries, we imposed a condition of zero-gradient.

In Papers I and II, and the present one, we examine
the jet propagation at the so-called VLA scale, when the
jet’s Lorentz factor has dropped from γ ≈ 5 − 10, which
is typical of the ‘VLBI scale’ for both FR I and FR II jets
(Giovannini et al. 2001), down to values close to the unity.
The jet magnetic stability and the recollimation process at
VLBI distances from the AGN has been recently examined
by Matsumoto et al. (2021), and the jet deceleration of HD
relativistic jets has been explored by Rossi et al. (2020).

We non-dimensionalized the equations by using the ve-
locity of light c as the unit of velocity, the jet radius rj as
the unit of length and ρc as the unit of density. To specify
the problem completely, besides the plasma-β introduced
above, we need the following additional parameters: the
Lorentz factor

γj =
1√

1− V 2
j

, (12)

the density ratio

η =
ρj
ρc
, (13)

and the non-dimensional ambient pressure

Π =
pa
ρcc2

. (14)

For Π we took the value 2× 10−7 constant for all the sim-
ulations, consistently with the assumed values of ρc and
Tc. Additionally, we have assumed the ratio between the
core radius and the jet radius to be rc/rj = 40 for all the
simulations.

In order to convert the non dimensional values to phys-
ical units, we had to make assumptions about the values
for units of length and density. As in our previous papers,
for the (cylindrical) jet radius at the injection we assumed
rj = 100 pc, consequently, the galactic core radius results
to be rc = 4 kpc and the computational time unit τ , which
is the light travel time over the initial jet radius, in physical
units results τ ' 343 yrs.

In the limit of weakly relativistic and matter-dominated
jets:

pj/(ρjc
2)� 1 , (15)

and the kinetic jet power turns out to be:

Lkin ' πr2j ρj c
3 γj(γj − 1) Vj

' L0 ×
(

rj
100pc

)2

η
( ρc

1 cm−3

)
γj(γj − 1)Vj .

(16)

where L0 = 1.3× 1049 erg s−1.
An additional parameter of interest is the jet Mach num-

ber, which we define as

M =
Vj
csj

, (17)

where csj was computed at r = a. The value of M is con-
nected to Tc. In fact, from the definition in Eq. 17 and the
pressure equilibrium condition at r = a we have the follow-
ing:

M ' 3× 106 Vj

(
η

Tc

)1/2

. (18)

The maximum magnetic field intensity at injection is eval-
uated as follows:

Bm = B0

( ρc
1 cm−3

)1/2( Tc
0.2keV

)1/2

×(
β

0.5

)−1/2

G , (19)

where B0 ' 1.3× 10−4 G.
All the parameters of the simulations are reported in

Table 1. In the presentation of the results, all quantities
are expressed in physical units; their dimensional values,
however, depend on the choice of our unit of length rc and
density ρc. A different choice for these units would give
different values for all the relevant physical quantities, since
lengths scale as rc, times also scale as rc, pressure scales as
ρc and the power and magnetic field strength scale as given
in Eqs. 16 and 19 respectively.

3. Results

As shown in Table 1, we carried out six cases, with different
values for the jet density, jet speed, and, consequently, dif-
ferent powers. In particular, the jet parameters for cases A1
and A2 are the same and were chosen in connection with
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Paper II, with a jet velocity of 0.1c. The difference between
A1 and A2 is the density profile of the external medium, in
case A2 we used the same profile as in Paper II (α = 2),
while in case A1 we used a flatter profile (α = 1). For case
B we increased the power by about a factor 30, keeping the
same density ratio, so the velocity became 0.3c. In cases C1
and C2, we kept the same velocity as case B, Vj = 0.3c,
but we lowered the power by decreasing the density ratio
by a factor ∼ 3. As in cases A1 and A2, the difference be-
tween cases C1 and C2 is the density profile of the external
medium, with α = 1 in case C1 and α = 2 in case C2.
Finally case C-RHD has the same parameters as case C1,
except the magnetization, which was considered to be very
low, more precisely we considered β = 106 and, essentially,
we were dealing with an unmagnetized jet. In all the other
cases the magnetization parameter β has a constant value
of β = 0.51, corresponding, for our reference units, to a
peak value of B ≈ 10−4 G.

Overall, the velocities are weakly relativistic for cases
A1-2 and mildly relativistic for cases B and C1-2. The jet-
counterjet brightness ratio corresponding to these jet veloc-
ity turns out to be compatible with the observational values
(O’Donoghue et al. 1993). Following Paper II, in order to
compare the simulation results with the radio images, we
defined a synthetic surface brightness distribution I(x, y)
map obtained by integrating along the line-of-sight of the
3D distribution of emissivity ε(x, y, z), assumed to be pro-
portional to p(x, y, z)B2(x, y, z), that is to the product of
the thermal pressure and the square of the magnetic field
strength:

I(x, y) =

∫ Lz/2

−Lz/2

ε(x, y, z) dz . (20)

where we assumed a line-of-sight along the z axis and we
performed the integral over the extent of the computational
box along this axis.

The simulated jet temporal evolution and the magnetic
instability impact on the attained morphologies are clearly
shown by means of tracer animations accompanying the
paper. We therefore recommend that the readers look at
these animations for a better understanding of the complex
details of the physical processes that govern the jet propa-
gation.

3.1. Cases A1-A2

We began our analysis with the low-power case A1 (see
Table 1), with the η parameter set to 10−3 (= 1/10 of the
value used in Paper II), the jet velocity Vj = 0.1, and the jet
kinetic luminosity results Lkin = 7×1042erg s−1. In Papers
I and II, we observed that during the initial phases all jets
presented an FR II morphology, with a strong termination
shock. In Fig. 1 (top panels), we took a snapshot at t =
1.9 × 107 yrs; in the top-left panel we show a cut in the
(z, y) plane of the density distribution, while in the top-
right panel we plotted the maximum pressure found at each
y along the jet, as a function of y. As discussed in Papers
I and II, the presence of a strong shock at the jet’s head
1 This value corresponds to β = 3 used in Paper II; in fact,
therein, β was computed from the average strength of magnetic
field, while, for the sake of simplicity, here it is computed from
the peak value.

can be an indicator of an FR II morphology, since it can be
identified with the hot spot. From Fig. 1 we can notice that
also in this case, in this early phase, the morphology is of
FR II type, as confirmed by both the density distribution
and by the behaviour of the maximum pressure that shows
a termination shock at the jet head.

It is interesting to compare the outcomes of a different
choice of the α parameter, which is represented by case A2.
For A2 we used α = 2, which is the same value from Pa-
per II, and this gives a steeper density profile. Incidentally,
we note that as a consequence of our choice of constant
pressure in the ambient medium, the steeper decrease in
density, as a function of the radial distance, corresponds
to a steeper increase in temperature. However, at distances
below 20 kpc from the source, that is < 5 rc, the ambient
temperature reaches a value . 5 keV, which is still consis-
tent with values found in the Intracluster Medium (ICM)
(Vikhlinin et al. 2006). The bottom panels in Fig. 1 dis-
play, for case A2, the same quantities as the top panels. The
snapshot was taken at a slightly earlier time, t = 1.3× 107

yrs, when the jet head had reached the same position as
in case A1. Since the density has a steeper drop, the jet
head has a larger velocity for case A2 than for case A1 and
it reached a similar position earlier. From the comparison
between the top and bottom panels, we can notice that the
evolution differs only in the details and also in this case we
see a morphology typical of a small FR II.

To follow the jet propagation one can look at the an-
imation for case A1 (CaseA1.mp4) which also shows how
the tracer distribution would appear as seen under differ-
ent viewing angles. We can see the jet wobbling and the
jet head periodically deflecting at angles that can reach 90
degrees and then it resumes its straight course. This be-
haviour may be attributed to current driven instabilities,
as we discuss in a more detailed way when analysing cases
C1 and C2. At later times, when the jet head reaches about
10 kpc, in case A1 we observe a large-scale bending of the
jet, which is not visible in case A2, where the jet remains
straight (readers can refer to CaseA2.mp4 for the anima-
tion). This difference is evident by comparing Figs 2 and
3, where, in the left panels, we display a 3D rendering of
the tracer distribution, at t = 3.2 × 107 yrs, for case A1,
and at t = 2.1×107 yrs, for case A2, when the jet head has
reached the end of the computational domain. The bending
is clearly visible for case A1, while case A2 is characterized
by a straight jet.

In the same figures in the right panel, we show a plot
of the maximum pressure (as in Fig. 1). From the plot we
see that, at this epoch, the termination shock has disap-
peared and the jet has acquired an FR I morphology. In
case A2, however, we can observe spikes at y ≈ 13 and 15
kpc, which, as discussed in Paper II, could be signatures
of warm spots. The jet morphology can be better appre-
ciated by looking at Fig. 4, where, on the left, we show
a synthetic surface brightness distribution for both cases
(A1, top panel and A2, bottom panel) and, on the right,
a profile of the maximum brightness as a function of y.
Hereinafter, these images were obtained by computing the
quantity I(x, y) defined by Eq. 20, after normalizing the
brightness amplitude by dividing by the value assumed at
the point of coordinates (0, 0). In both cases the jets are
well visible and terminate in fainter lobes with no clear hot
spots. In the lobes however, regions of higher emission are
present. The higher emission ridge in case A1 outlines the
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Fig. 1. Top: Cut of the logarithmic density distribution for case A1 in the (y, z) plane (left panel) and maximum gas pressure as
a function of y (right panel) at the time t = 1.9× 107 yrs; Bottom: Same as for case A2, but at the time t = 1.3× 107 yrs.

Fig. 2. Left panel: 3D isocontours of the tracer distribution at a time t = 3.2× 107 yrs for case A1; the size of the computational
box is 8× 20× 8 kpc. Right panel: maximum gas pressure as a function of y.

Fig. 3. Left panel: 3D isocontours of the tracer distribution at a time t = 2.1× 107 yrs for case A2; the size of the computational
box is 8× 20× 8 kpc. Right panel: the maximum gas pressure as a function of y.

region where the jet bending is more pronounced (redaders
can compare this with Fig. 2), while the bright spots in
case A2 correspond to the peaks in the right panel of Fig.
3. The brightness profile for case A1, on the right, shows
very small variations, with a slight decrease along the jet
and a slight increase in correspondence of the lobe. In case
A2, instead, we observed two spots of increased brightness
in the middle of the lobes which, as already observed, can be

reminiscent of warm spots marking the transition to faint
lobes, similarly to what we observed in Paper II.

3.2. Case B

We now turn our attention to Case B, which has a power
about 30 times higher than the previous Case A. In Fig. 5
we show, in the top panel, a longitudinal cut of the den-
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Fig. 4. Top left panel: Surface brightness distribution for case A1 in the (y, z) plane at the time t = 3.2 × 107 yrs. Bottom left
panel: Same as for case A2, but at the time t = 2.1× 107 yrs. Right panels: Corresponding maximum brightness as a function of
y for case A1 (top) and for case A2 (bottom).

Fig. 5. Top: Cut of the logarithmic density distribution in the (y, z) plane for the high luminosity case B at t ≈ 1.8 × 107 yrs.
Bottom: Logarithm of the maximum gas pressure as a function of y.

sity distribution in the plane (y, z) and, in the bottom the
maximum pressure. We notice that the spatial extension of
the plots is three times larger than in the previous cases
A1 and A2 and the jet head reached the end of the grid at
about 60 kpc. The snapshot was taken at t ≈ 1.8× 107 yrs,
which is approximately equal to the time of the snapshots
in Fig. 1 when the jet reached a length of about 15 kpc. The
jet head in cases B, therefore, propagates at a mean veloc-
ity which is about four times larger than in cases A1 and
A2. Additionally the jet propagates straight with little wob-
bling and no bending up to the final stages of the evolution
(see animation in CaseB.mp4) when non-linear transverse

modes begin to show their effects. This is confirmed by
Fig. 6, where we show 3D isocontours of the tracer distri-
bution at the same time. Therefore, in this case, the MHD
instabilities have weaker effects on the jet propagation in
the short and medium period. In the plot of the maximum
pressure (bottom panel), we can observe the presence of
a strong termination shock, located at about 55 kpc, pre-
ceded by a series of peaks of a much lower strength. In Fig.
7 in the plane (y, z), we show the surface brightness dis-
tributions. Consistently to what was discussed before, the
surface brightness distribution shows the presence of a hot
spot located at about 55 kpc corresponding to the so called
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Fig. 6. 3D isocontours of the tracer distribution for case B at t ≈ 1.8× 107 yrs. The size of the computational box is 10× 60× 10
kpc. An FR II morphology is displayed.

Fig. 7. Top: Brightness distribution in the (y, z) plane in case B at t ≈ 1.8 × 107 yrs. Bottom: Corresponding maximum as a
function of y.

splash point, where the jet terminates into the IGM. This
lead us to conclude that jets with this set of parameters
would exhibit an FR II morphology.

3.3. Case C1-C2

In cases C1 and C2, we decreased η by about a factor of
3 with respect to case B and, accordingly, the jet power,
which turns out to be intermediate between cases A and
B. As for the A cases, we considered two different density
stratification parameters: we used α = 1 for case C1 and
α = 2, and thus a steeper gradient, in case C2. We also
note that the extension of the grid along the jet direction
is 60 kpc as for case B, but it is much longer than for the A
cases. Since we assumed a constant pressure, the decrease
in density is compensated for by an increase in tempera-
ture and, as a consequence, in Case C2 we reached very
high temperatures that are not compatible with observa-
tional data. Notwithstanding this unrealistic character, case
C2 can provide hints about the effects of a steeper density
stratification.

We can follow the temporal jet evolution by looking at
the animation for case C1 (CaseC1.mp4) which, as in the
case A1, shows the appearance of the tracer of the bottom

panel of Fig. 8 under different viewing angles. As in Cases
A1-2, we observed jet wobbling and periodic deflections at
angles that can reach 90 degrees. When this happens, the
jet may break and, after the point of breaking, we observed
a slower, turbulent, and much more diffused flow, with a
strong mixing with the ambient medium. However, after
some time, the jet is able to regain its straight course. The
interval of time during which the jet appears to be broken
increases as the jet length increases. We can look in more
detail at this breaking and restarting phase for case C1
in Fig. 8 where we show a visualization of the 3D tracer
distribution at three different times, and in Fig. 9 where we
show the plot of the maximum pressure for the same three
times. The images of the tracer distribution in the top and
middle panels of Fig. 8, which are at t ∼ 3.7× 107 yrs (top
panel) and t ∼ 4.3 × 107 yrs (middle panel), respectively,
show the collimated jet that reaches a distance of about
30 kpc in both panels. At distances larger than 30 kpc, we
can observe a diffused region, which is much more mixed
with the ambient medium, as indicated by the light blue
colour. The length of this region increases from the top to
the middle panel; in fact, it reaches about 38 kpc in the top
panel and about 41 kpc in the middle panel. The bottom
panel at t ∼ 5.1 × 107 yrs shows the restarting of the jet

Article number, page 7 of 14



A&A proofs: manuscript no. main

Fig. 8. 3D isocontours of the tracer distribution for case C1 at three different times, in the top panel t ∼ 3.7 × 107 yrs, in the
middle panel t ∼ 4.3× 107 yrs and in the bottom panel t ∼ 5.1× 107 yrs.

Fig. 9. Plot of the maximum pressure as a function of y for case C1 at three different times, which are the same as in the previous
figure, namely in the left panel t ∼ 3.7× 107 yrs, in the middle panel t ∼ 4.3× 107 yrs and in the right panel t ∼ 5.1× 107 yrs.

which appears to be well-collimated up to the distance of
41 kpc, which was reached only by the mixed and diffused
portion earlier. We thus have an estimate of the temporal
length during which the jet was broken off: about 107 yrs.
The same phases can be observed in the maximum pressure
plot; the point of the collimated jet breaking is marked by
the peaks between 20 and 30 kpc, visible in both the left
and middle panels. In the right panel those peaks disappear
and a new peak, although much weaker, appears at about

the distance reached by the collimated portion of the jet
(40 kpc).

A similar behaviour can also be observed in Case C2: in
Fig. 10 we show the maximum pressure behaviour along the
jet at three different epochs. The first plot is at t ∼ 1.4×107

yrs (it is important to note that the left panel shows the
logarithm of the pressure): we can observe a strong shock
at the jet head and we note the formation of a strong sec-
ondary shock at about 32 kpc, but still we have an FR
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Fig. 10. Plot of the maximum pressure as a function of y for case C2 at three different times, in the left panel t ∼ 1.4× 107 yrs
(in logarithmic scale), in the middle panel t ∼ 2× 107 yrs and in the right panel t ∼ 2.2× 107 yrs.

Fig. 11. 3D isocontours of the tracer distribution for case C2 at t = 2.2×107 yrs. The size of the computational box is 10×60×10
kpc.

II-like appearance. The middle plot is at t ∼ 2 × 107 yrs,
the head shock has disappeared, while two weaker shocks
are visible at y ∼ 38 − 42kpc and they represent the tran-
sition from the collimated portion of the jet to the more
diffused and turbulent portion. At t ∼ 2.2 × 107 yrs (right
panel) the two shocks positioned at y ∼ 26− 29 kpc, while
the diffused portion of the jet reaches y ∼ 55 kpc. The ap-
pearance of the jet at the last time is visible in Fig. 11,
where we show the 3D tracer distribution; in the figure we
can observe the collimated portion of the jet that reaches
about half of the total jet length which is followed by the
more diffused and uncollimated region. The breaking of the
collimated jet can be better appreciated in Fig. 12 as well
as in the animation (CaseC2.mp4). In the top panel we
display the 3D distributions of the longitudinal component
of the (mechanical) momentum density of the jet which, at
y ∼ 26− 29 kpc, shows an abrupt transition, where the jet
dissipates a relevant fraction of its mechanical momentum
and kinetic power into thermal energy. The effect of this
dissipation is visible in the bottom panel, where we dis-
play the specific thermal energy that shows a substantial
increase at the same position.

The difference between the two cases C1 and C2 is that,
after the breaking, the diffused portion of the jet reaches,
in a similar time, a much larger distance in Case C2 than
in Case C1. In fact, the length of this portion is about 12
kpc in case C1 and about 25 kpc in case C2. This effect
may be explained by the steeper decrease of the density
in the ambient medium in Case C2 with respect to case
C1. In case C2 the restarting of the collimated jet had not
occurred yet at the final time of the simulation, but, based
on the results of Case C1, we can expect that at later times

it will occur. In general, all the morphologies that we have
described so far have to be considered as transient, with
timescales of variation that can reach ∼ 107yrs.

In Fig. 13 we show, for case C1, the ‘proxy’ surface
brightness distribution at two different times, t = 4.3× 107

yrs (top panel) and t = 5.1 × 107 yrs (bottom panel), cor-
responding to the top and bottom panels of Fig. 8, respec-
tively. Comparing the two panels, we can observe a substan-
tial change in the morphology: in the top panel we have a
‘warm spot’ around y ∼ 23 kpc, almost at the end of the
collimated portion of the jet, followed by a diffused lobe, in
the bottom panel the morphology is of FR II type with the
hot spot at the jet termination. This result again under-
lines the very dynamic behaviour of this jet, with transient
changes of morphologies that can range from FR I to FR II
types.

3.4. Case C-RHD

To better understand the role of the magnetic field in the
jet propagation, we carried out a simulation adopting the
same parameters of Case C1, but in the RHD limit, that is
taking a value of β = 106. The animation shows that, dif-
ferently from Case C1, the jet propagates straight, without
any wobbling or bending. As in the previous cases, in the
early phases the jet is characterized by a strong termination
shock, therefore maintaining an FR II-like morphology. As
the jet advances, however, it is slowed down by a series of
shocks well ahead of its termination. This is clearly depicted
by Fig. 14 which, at t = 3.6×107 yrs, displays a 3D render-
ing of the tracer distribution in the left panel and, in the
right panel, a plot of the maximum pressure. In this phase,
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Fig. 12. 3D isocontours of the longitudinal momentum density (top) and of the specific thermal energy (bottom) distributions for
case C2 (in arbitrary units), at t = 2.2× 107 yrs.

Fig. 13. Surface brightness distribution for case C1 at t = 4.3× 107 yrs (top panel) and t = 5.1× 107 yrs (bottom panel).

the strong termination shock disappears and the jet deceler-
ation occurs through a series of weaker shocks, still located
in the termination part of the jet. The straight propagation
of the jet and the absence of bendings can be connected
to the very low magnetization of this case, in which the
magnetic field can be considered essentially absent. In fact,
the magnetization strength is the only difference between
this case and case C1, in which the jet wobbling can be
attributed to the effects of current driven instabilities. In
Fig. 15 we show the synthetic brightness distribution at
two different epochs: at t ≈ 3.4 × 107 yrs (top panel) and
t ≈ 3.6× 107 yrs (bottom panel), the final time of the sim-
ulation. We see that at a temporal distance of about two

million years, a source would be classified as FR I at the
earlier time and, at the later time, being image-dominated
by the strong emission in the terminal part of the jet, the
same source would look like an FR II. We may however
speculate that the jet will progressively decelerate and may
at later times, acquire an FRI morphological character.

It is also interesting to contrast the different behaviours
of the jet head propagation in the two cases C1 and C-RHD.
In Fig. 16 we plotted the jet’s head location as a function
of time, the plot in the left panel refers to Case C1 and
that in the right panel refers to case C-RHD. The solid line
represents the actual head’s position while the dashed line
corresponds to the 1D approximation based on the momen-
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tum conservation (Martí et al. 1997). In the case C1, the
solid line is always below the dashed one and the slope of
the curve decreases abruptly at about 3.5× 107 yrs, when,
as we discussed above, we observed a jet breaking with a
transition to an uncollimated flow. Conversely, in the C-
RHD case, up to about 107 yrs the actual head position is
above the 1D limit as a result of the ‘beam pumping’ (see
Kössl & Müller (1988); Massaglia et al. (1996); Belan et al.
(2013)) which sets in when the jet maintains its axial sym-
metry. When the 3D, non-axial effects become dominant
the head velocity decreases and the slope of its position
curve declines smoothly. This smooth decrease in the jet
head velocity can also be clearly appreciated by looking at
the animation.

4. Discussion and conclusions

We presented 3D relativistic magneto-hydrodynamic sim-
ulations of jets propagating into a stratified medium. The
cases that we considered differ by their velocity and den-
sity contrast with the ambient and, therefore, by their pow-
ers. We considered powers that differ by about one order of
magnitude and that are at the border between FR I and FR
II and we also investigated the effects of different density
stratifications. During their evolution, the jets take a multi-
tude of variegated morphologies, which depend on physical
parameters, but they may also have a transient character.
In particular, we have shown that, besides the density ratio
and the Lorentz factor, the magnetic field plays an impor-
tant role in shaping these morphologies.

In all cases the jets produced an FR II-like morphol-
ogy during the early stages of the propagation, up to dis-
tances 10− 20 kpc from the injection boundary, which is in
agreement with Papers I and II. Subsequently, the following
evolution diverges, depending on the parameters.

In more detail, the first two simulations, cases A1 and
A2, have a similar (low) kinetic power of the MHD cases
of Paper II, but with a lower density ratio and a higher
velocity. The evolution is very similar to that presented in
Paper II; the jet is disrupted by magnetic instabilities at
a distance of about 12 − 14 kpc, the flow is strongly de-
celerated, and it becomes highly turbulent. The differences
in the density stratifications lead to some changes in the
morphological details, but the general behaviour given by
the surface brightness distributions points towards an FR I
regime.

The high power Case B maintains an FR II morphol-
ogy during its entire evolution, with a hot spot at the jet’s
head up to the last frame at 55 kpc. This was pointed out
by the behaviour of the maximum pressure and emissivity
plots and by the surface brightness distribution that clearly
shows the presence of the terminal hot spot.

Cases C1 and C2 have an intermediate power between
cases A and B and, as in cases A, the magnetic field plays
a fundamental role in the jet dynamics, leading, through
the development of current driven instabilities, to jet wob-
bling, bending and breaking. The role of the magnetic field
is demonstrated by a comparison between cases C1-2 and
C-RHD, in which the magnetic field is negligible. In fact,
in this last case, in contrast to the other two cases, the jet
propagation direction remains straight. As already men-
tioned, in cases C1-2, MHD instabilities may eventually
lead to jet breaking and a transition from a collimated jet to
a turbulent much slower flow, with velocities that, at most,

reach ∼ 1, 000 km s−1. The transition is marked by a warm
spot, followed by a diffuse lobe of emission. This configura-
tion, however is transient and after about 107 yrs from the
jet breaking the jet restarts and regains its straight course,
while the morphology takes the aspect of a FR II source.

From a more general point of view, the present results,
together with the findings in Papers I and II show that
the radio source morphologies do not depend on the jet lu-
minosity only: density ratios and magnetic fields play an
important role as well. For example, from jets of a simi-
lar power one can obtain either an FR I morphology or a
WAT morphology depending on the magnetic field strength
and, as shown in Paper II, the possible relative motion of
the source in the IGM. In addition, for intermediate jet
powers, different kinds of morphologies are obtained during
the evolution at different times. The role of the magnetic
field in inducing jet deflections has also been demonstrated
by Mignone et al. (2010) who carried out numerical sim-
ulations of highly relativistic and strongly magnetized jets
propagating in a uniform ambient medium and by Mukher-
jee et al. (2020) who studied the evolution of magnetized
jets with Lorentz factors 3-10 propagating in a stratified
medium. Albeit differing very much in the parameters and
in the properties of the ambient medium, with respect to the
simulations presented in this paper, both of these analyses
showed morphologies characterized by wiggles and wobbles
of the jets, more or less intense, as in the present paper.

The morphologies derived from the numerical experi-
ment have strong similarities with the observed brightness
distribution of FR II radio galaxies that often show a wealth
of structures besides the hot spots and the symmetric ra-
dio lobes. In order to associate real radio sources with the
results of the simulations we explored the morphologies of
those included in the Third Cambridge Catalogue (Spin-
rad et al. 1985). We limited our analysis to the 3C sources
with redshift z.0.5 in order to maintain a good spatial res-
olution, searching for images in the NRAO VLA Archive
Survey Images Page, available at 2.

In Fig. 17 we show a comparison of a sub-set of five
simulated brightness distributions with those observed in
the radio band (in some cases the radio maps have been
rotated by a multiple of 90 degrees for an easier compari-
son). All of these images show distortions close to the jet
end, closely reproduced in the radio maps. For example, in
3C 200 (top panel), the jet bends and it is followed by mul-
tiple bright regions. In 3C 098 (second panel), the plasma
flowing back towards the nucleus is highly asymmetric, fol-
lowing the bend at the jet’s end. We note that these two
objects are related to the same simulation (case A1) just at
different times with strongly different morphologies, result-
ing stressing the importance of time evolution. In the other
sources, we noticed warm spots located along the jet path,
while in the source (3C 334) the jet produces a ‘hook-like’
structure, also observed in the simulations.

In synthesis: high power jets lead to FR II radio sources
and low power jets lead to FR Is, while jets of intermedi-
ate power may appear to observations as FR Is of FR IIs
depending on density ratios, and magnetic field intensity.
We also stress that, because many features are highly time-
dependent, the observation epoch also plays an important
role. These results provide a perspective on future work,
to analyse how jets of the same kinetic power evolve into

2 http://archive.nrao.edu/nvas/
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Fig. 14. Left: 3D isocontours of the tracer distribution for case C-RHD, at t = 3.6× 107 yrs; the size of the computational box is
again 10× 35× 10 kpc. Right: Maximum gas pressure as a function of y at the same time.

Fig. 15. Brightness distribution in the (y, z) plane for case C-RHD at two different times: t ≈ 3.4 × 107 yrs (top panel) and
t ≈ 3.6× 107 yrs (bottom panel).

Fig. 16. Location of the jet’s head as a function of time for case C1 (left panel) and C-RHD (right panel).
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different morphologies depending upon their values for the
magnetization and density ratio.
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Fig. 17. Simulated brightness distribution for different cases at different epochs (left column), compared with radio maps for
sources of the 3C Catalogue (right column).
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